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Editorial on the Research Topic
Unsolved problems in congenital diaphragmatic hernia

Introduction

Congenital diaphragmatic hernia (CDH) remains a major congenital anomaly with high
mortality and long-term morbidity with many unsolved aspects ranging from the cause to
the optimal way of follow-up. Major progress has been made over the last few decades to
identify the underlying cause, prenatal therapeutic approaches, neonatal care with regard
to optimal ventilatory strategies and treatment of pulmonary hypertension, and evaluation
of both surgical and non-surgical morbidities.

Even in the most reputed centers that depend on case mix with only referrals, the
availability of extracorporeal membrane oxygenation (ECMO), and a pathophysiological
understanding of the role of heart dysfunction, the mortality rate continues to be
approximately 20%-30%. Experienced medical teams will acknowledge that in CDH, there
are “good and bad years” (like wine) in evaluating mortality in individual clinics.

International collaborations are very important as reflected by the CDH EURO
trials); the CDH  Study
(epidemiology; risk assessment); DHREAMS (genetics). International therapy guidelines

Consortium  (guidelines; clinical International Group
have been published both in Europe and in Canada and Japan. Unfortunately, these
provide a low level of evidence even today (1-3).

This important series, Unsolved Problems in CDH, has brought together contributions
from established and emerging leaders in the field, from basic science, through fetal
therapies, and neonatal pathophysiology to optimized long-term management. Although
much remains uncertain and challenges persist, this series provides a “state of the art” of
current understanding and identifies key priorities for future research and advancing

clinical care in CDH.
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Genetics

Since CDH is a relatively rare disorder with only a few recurrent
changes, large cohorts of patients are needed to identify genetic
associations. Retrospective whole-genome sequencing of historical
patient cohorts will yield valuable data from which the patients of
today and tomorrow will profit. Trio whole-genome sequencing
has an excellent potential for future re-analysis and data sharing,
increasing the opportunity to provide a genetic diagnosis and
predict clinical prognosis (Brosens et al.). The success of this
effort stresses the importance of collaboration such as within the
DHREAMS consortium (http://www.cdhgenetics.com).

Increased insights into the pathogenesis and combination of
different congenital anomalies (Gaillard et al.) will be of value to
identify specific pathways involved in lung and diaphragm
development, together with a profound knowledge of the factors
determining (ab)normal lung and diaphragm development (Edel
et al.).

Instead of trying to identify “THE CDH gene”, nowadays,
disturbances in specific pathways are investigated in more detail (4).

Prenatal therapy

Advances in prenatal genetic evaluation to guide optimal
prenatal counseling have been accompanied by many years of
hard work to investigate the impact of fetal intervention. On the
other hand, factors associated with the decision for termination
of pregnancy (TOP) are additional fetal genetic or anatomical
abnormalities and expected severity of pulmonary hypoplasia in
left-sided CDH (5).

An international group guided by the Leuven team recently
published data on two sets of temporary prenatal occlusion of
the human fetal trachea (TOTAL trial) (6, 7). They observed no
significant differences in patients with moderate CDH but a
significant survival advantage in a group of patients with severe
CDH fetuses and who received prenatal tracheal occlusion. This
finding will have important consequences for the implementation
of prenatal tracheal plugging around the world with debates
centered around centralization of this procedure. A high level of
and standardization of prenatal diagnosis with either ultrasound
or MRI is pivotal for future patient inclusion and for inclusion
as a subject of international training courses (8).

The first breath

Based on animal experiments and evaluation, the first breath
and changes in lung inflation and the circulation at transition
have resulted in two large randomized trials—Congenital Hernia
Intact Cord (CHIC, NCT04429750) (9) and Physiological-based
cord clamping for infants with a Congenital Diaphragmatic
Hernia (PinC, NCT04373902) (DeKoninck et al.) (10)—to
evaluate the effect of delayed, physiology-based cord clamping.
Short-term  outcomes (CHIC) and

such as Apgar scores
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pulmonary hypertension (PinC) have been selected as primary
outcomes. The results are expected in 2-3 years’ time.
International guidelines such as those published over the last
decade both by the CDH EURO Consortium and by the
Canadian and Japanese study groups advise intubation for every
newborn with prenatally diagnosed CDH. Taking into account
the potential negative effects of this approach, people have now
started questioning this approach, resulting in pilot data on
CDH (11). An
international collaboration will now evaluate this protocol in

spontaneous breathing in select cases
more patients on the basis of a proposed algorithm for
spontaneous breathing. A value of the observed expected (OE)/
lung to head ratio (LHR) of above 50, although arbitrary, is

chosen as the cutoff to be included in this study.

Respiratory support

The optimal method of ventilatory support remains a subject of
debate and the same holds true for the application of ECMO in
select cases. Although the VICI trial (12) concluded that
conventional ventilation (CV) was superior to high frequency
oscillation (HFO), this only implies the initial ventilatory mode
and also begs the question, “Which CV mode? It is vital that
lung-protective ventilation strategies are employed during both
initial stabilization and postsurgical repair to avoid ventilator-
induced lung damage and oxygen toxicity to prevent further
impairment to an already diminished gas-exchanging
environment. In this context, clinicians continue to investigate
predictive parameters as markers for mortality and morbidity,
such as the NeoAPACHE II score and the chest radiographic
thoracic area (Amodeo et al.; Weis et al.).

It would be important to evaluate closed-loop automated
oxygen control, which is the reinvention of liquid ventilation and
heliox therapy in properly designed clinical trials with
international collaboration (Williams and Greenough).

Not only differences in mortality but increasingly the incidence
and magnitude of chronic respiratory morbidity should be
considered primary endpoints in these studies. Objective criteria
for lung function both in the acute phase and during child and
adulthood are fundamental to any decision to implement future
treatment algorithms. In this way, we can establish a state-of-the-
art evaluation of the lungs at different time points in life to
understand the overall effects on the hypoplastic lungs and the

secondary damage by ventilator-induced lung injury (VILI).

Extracorporeal membrane
oxygenation

In select cases, many clinics start ECMO as a rescue therapy,
although the overall effects on survival remain debatable. Despite
its wide use and decades of experience, the survival rate of CDH
patients treated with ECMO, as reported by the extracorporeal
life support organization (ELSO), remains unchanged at 50%
(13). This is probably due to negative case selection. Individual

frontiersin.org
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centers report higher survival rates of up to 70%, such as the
Mannheim group (Germany), and can be classified as best
practices for this specific treatment modality (14). ELSO data
analysis also shows that ECMO improves survival rates in those
CDH patients who are most severely affected, but the potential
complications of ECMO delivery outweigh the benefits in less
severely affected patients. The large variability in ECMO survival
rate is determined by preferences such as the mode of ECMO
(VV vs. VA), timing of ECMO (early vs. late), patient selection
(inclusion criteria variability), surgery (on or after ECMO),
supportive cardiac therapy (INO vs. milrinone), and outcome
parameters (alive at decannulation vs. alive at discharge). At
present, there is no single test or prognostication that predicts
the reversibility of primary pulmonary hypertension of the
newborn (PPHN), and the criteria for referral for ECMO are
under the process of continued refinement. Therefore, the real
contribution of ECMO needs to be investigated in a properly
designed RCT using Bayesian statistical approaches.

The role of the heart in CDH

Postnatal clinical care in CDH has traditionally viewed the
lungs as the primary “defective” organs; however, there is
growing recognition of the important pathophysiological role
played by the heart in CDH.

The coexistence of major cardiac anomalies is an important factor
determining survival in CDH and a key consideration in decision
making with families of patients in the pre- and postnatal periods.

Pathology specimen and cardiac ultrasound-based studies have
additionally identified fetal left ventricular hypoplasia in CDH
fetuses. In combination with the established abnormalities of the
pulmonary vasculature, this developmental abnormality of the
circulation likely contributes to the failed transition at birth, of
which variable right and left ventricular dysfunction are key
components and determinants of disease severity and outcome
(Patel et al.). Although clinical studies have identified the nature
of ventricular dysfunction in CDH, the underlying cellular,
metabolic, and genetic contributions remain unknown and an
important area for investigation.

In the clinical setting, further studies are also required to
understand the benefits of routine echocardiographic evaluation
of cardiac function, utilizing predetermined and internationally
accepted parameters, and the role of this approach in guiding
evidence-based therapy of individual patient pathophysiology.

This targeted therapeutic approach, combined with a better
understanding of the model-based pharmacokinetic dosing, may
lead to a more effective use of well-known and frequently used
hemodynamic agents such as iNO, IV sildenafil, milrinone, and
PGE1 (Hari Gopal et al.). Unfortunately, the so-called CODINOS
trial of iNO and IV sildenafil (15) (Cochius-den Otter et al.) was
stopped recently because of a very low inclusion rate and the
practical challenges of performing multicenter, investigator-
initiated drug studies. The burden of regulatory rules and
financial implications underlines

the major challenges of

performing any clinical trials in CDH.
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Surgery

Closure of the diaphragmatic defect as a semielective surgical
procedure is nowadays accepted worldwide. It is an important
step in the treatment algorithm incorporating careful planning to
prevent intraoperative complications related to hemodynamic
instability and recurrent pulmonary hypertension in particular.
The defects of most patients with defect sizes of A and B
(Boston classification) can be closed primarily without a patch
either by an open or a minimally invasive technique, resulting in
a change from an abdominal to a thoracic approach. In the
latter, CO, inflation is warranted, which might alter the
metabolic balance, resulting in pulmonary hypertensive crisis.
than
exclusively of a type D defect (agenesis of the diaphragm)

Less 10% of newborns will die unoperated almost
because of a bad prognosis making surgery futile. Importantly,
some patients do not classify for surgery already during fetal
evaluation. In this group, the main factors are additional fetal
genetic or anatomical abnormalities and expected severity of
pulmonary hypoplasia in left-sided CDH based on fetal O/E
LHR obtained by ultrasound and/or lung volumes by MRI.

As part of a routine longitudinal follow-up, recurrence of the
diaphragmatic defect is detected even if cone-shaped patches are
used (Zahn et al; Macchini et al.). The major and most frequently
reported downside of minimally invasive surgery in CDH repair is
the higher risk of recurrence, reported three- to four-fold higher
following an minimal invasive surgery (MIS) approach.

Apart from the original diaphragmatic defect, a long-term
follow-up shows the occurrence of hiatal hernia, resulting in
gastro-intestinal (GI)- and pulmonary-related morbidity. A
longitudinal follow-up with regular radiologic imaging until
adolescence is essential to reliably detect recurrence to prevent
acute incarceration and chronic gastrointestinal morbidity such
as the occurrence of the small bowel obstruction, which may lead
to clinical symptoms at any age with serious consequences (Zahn
et al.) and impact prognosis.

Optimal timing for repair during ECMO (early vs. late; never
on ECMO vs. always; etc.) is still a matter of debate, given the
potential bleeding complications during the procedure. No
properly designed RCTs are available yet. The same holds true
for the choice of the biological or synthetic patch material.

Palliative care for patients, both fetuses and neonates (and their
families), who are identified as untreatable because of CDH or
associated severe anomalies, is also a future option to consider as
part of quality of care.

Follow-up

The lower mortality rates of CDH patients go hand in hand
with the need for paying more attention to the long-term
morbidity of different organ systems. Apart from the “classical”
organs such as the lungs and the GI tract, a structured long-term
follow-up is being offered nowadays by an increasing number of
centers. High-volume centers in Rotterdam, the Netherlands,
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https://doi.org/10.3389/fped.2022.890422
https://doi.org/10.3389/fped.2022.911588
https://doi.org/10.3389/fped.2022.852843
https://doi.org/10.3389/fped.2021.796478
https://doi.org/10.3389/fped.2022.823180
https://doi.org/10.3389/fped.2022.846630
https://doi.org/10.3389/fped.2022.846630
https://doi.org/10.3389/fped.2023.1177513
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Tibboel et al.

Mannheim, Germany, Rome, and Italy, among others, have
published their schedules and results over the years on a variety
of aspects (3, 16-18). They use their prospective and highly
standardized databases related to the evolution from newborns to
adolescence (de Munck et al.; Valfré et al.).

Neurodevelopmental outcome is an important determinant for
the future. This has resulted in the concept of “growing into deficit”
(19), in which specific higher-executive functions (short-term
memory, task performing) have been identified as abnormal and
adulthood.
combining neuropsychological tests with neuro-imaging are

last into Prospective longitudinal evaluation
needed for developing a full understanding of these abnormalities
and implementation of targeted therapies.

It is very important for comparative analysis that reference
values are used on the basis of the respective populations in
different countries. Particularly relevant for follow-up are
guidelines that are developed in close collaboration between the
CDH EURO consortium and ERNICA (European Reference
Network for rare Inherited and Congenital Anomalies). ERNICA
is a network of expert multidisciplinary healthcare professionals
from specialized healthcare providers across Europe. Their aim is
to pull together disease-specific expertise, knowledge, and
resources otherwise unachievable in a single country.

The involvement of parents in many aspects of care is
fundamental to identifying the “real questions” that these
families have to contend with on a daily basis. The recent CDH-
UK patient journey published as part of this series is a good
example of collaboration between healthcare providers and
parents to enhance mutual understanding and is of great
significance (Power).

Synthesis

Molecular genetic analysis, combined with an understanding of
the developmental pathways of the lungs and diaphragm, will result
in an enhanced knowledge of the causes of CDH in individual cases
with potential important consequences for fetal interventions.
International guidelines for the performance of fetal US/MRI in
the context of international collaboration are also pivotal.

Further research is required to identify the optimum method of
respiratory support for CDH patients, which is the least damaging
to their vulnerable lungs as judged by a reduction in chronic
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Congenital diaphragmatic hernia is a rare disease with high mortality and morbidity
due to pulmonary hypoplasia and pulmonary hypertension. The aim of the study is to
investigate the relationship between radiographic lung area and systolic pulmonary artery
pressure (sPAP) on the first day of life, mortality, and hernia recurrence during the first
year of life in infants with a congenital diaphragmatic hernia (CDH). A retrospective data
collection was performed on 77 CDH newborns. Echocardiographic sPAP value, deaths,
and recurrence cases were recorded. Lung area was calculated by tracing the lung’s
perimeter, excluding mediastinal structures, and herniated organs, on the preoperative
chest X-ray performed within 24 h after birth. Logistic and linear regression analyses were
performed. Deceased infants showed lower areas and higher sPAP values. One square
centimeter of rising in the total, ipsilateral, and contralateral area was associated with a
22, 43, and 24% reduction in mortality risk. SPAP values showed a decreasing trend after
birth, with a maximum of 1.84 mmHg reduction per unitary increment in the ipsilateral
area at birth. Recurrence patients showed lower areas, with recurrence risk decreasing
by 14 and 29% per unit increment of the total and ipsilateral area. In CDH patients, low
lung area at birth reflects impaired lung development and defect size, being associated
with increased sPAP values, mortality, and recurrence risk.

Clinical Trial Registration: The manuscript is an exploratory secondary analysis of the
trial registered at ClinicalTrials.gov with identifier NCT04396028.

Keywords: congenital diaphragmatic hernia, radiographic lung area, lung hypoplasia, pulmonary hypertension,
mortality, recurrence of the hernia, FETO
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NeoAPACHE II

INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a severe congenital
malformation with a wide outcome variability (1). Pulmonary
hypoplasia and persistent pulmonary hypertension (PH)
represent the two main determinants of outcomes in patients,
with still high mortality and morbidity (2-12). The radiographic
assessment of the lung area has been proposed as an alternative
method to evaluate pulmonary hypoplasia soon after birth
(13-15). In newborns with CDH, lung area is correlated to
the functional residual capacity measured through the diluted
helium technique, and its increase is associated with tidal
volume improvement in the first year of life (16, 17). The chest
radiographic thoracic area (CRTA) was found to be lower in
patients with poor prognosis and to predict survival to discharge
from the Neonatal Intensive Care Unit (NICU) better than
lung-to-head ratio at diagnosis (LHR) (18). However, a possible
association between lung area and pulmonary hypertension has
never been investigated.

Hernia recurrence represents one of the most common
complications, and a large diaphragmatic defect is one of the
main independent risk factors (19-25). The recurrence could
occur weeks, months, or even years after the primary surgery,
and patients often remain asymptomatic for a long time or until
complications arise. Therefore, the overall risk of recurrence
during the lifespan remains unknown (8). To our knowledge, an
association between lung area and hernia recurrence has never
been reported so far.

Since lung hypoplasia and vascular development are strictly
related, our hypothesis was that lower lung areas at birth
could determine higher mortality and higher pulmonary artery
pressure (25-27). Moreover, we supposed that low lung area
could indirectly reflect a large diaphragmatic defect size and be
therefore associated with hernia recurrence (16, 18).

METHODS

The present study was carried out in accordance with the
principles of good clinical practice and the Helsinki Declaration,
as well as the national legislative and administrative provisions
in force. This study was approved by the local Ethics Committee
(Milan Area 2, Italy) with approval number OSMAMI-
04/05/2020-0015998-U. Due to the retrospective nature of the
study, the informed consent was waived by the Ethics Committee.

This study represents an exploratory secondary analysis of
a previous retrospective cohort study called Assessment of the
Pulmonary Area in Newborns with Congenital diaphragmatic
HErnia (NeoAPACHE), performed at NICU of Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy,
on CDH patients over a 6-year period (January 2012-December

Abbreviations: AUC, area under the curve; CDH, congenital diaphragmatic
hernia; CRTA, chest radiographic thoracic area; ECMO, extracorporeal membrane
oxygenation; FETO, fetal endoscopic tracheal occlusion; NICU, neonatal intensive
care unit; O/E LHR%, observed/expected lung-to-head ratio; PH, pulmonary
hypertension; ROC, receiver operating characteristic; sPAP, systolic pulmonary
artery pressure.

2018). A comprehensive description of the main study design has
been previously published (NeoAPACHEI) (17).

In NeoAPACHE II, we aimed to evaluate the relationship
between radiographic pulmonary area assessed on the first day
of life and:

1. Pulmonary hypertension at birth, indirectly estimated by
measuring the sPAP through tricuspid valve regurgitation
gradient with echocardiogram;

2. Death during the first year of life; and

3. Recurrence of CDH among survivors at 1 year of life.

Moreover, the radiological features and outcomes of neonates
candidate to FETO procedure were described and compared with
those of the expectantly managed patients. At our Center, FETO
was offered to fetuses with severe lung hypoplasia, defined as an
O/E LHR <25 and <45% in left and right CDH, respectively,
in the absence of major associated malformations and/or genetic
anomalies known to have a significant impact on postnatal
survival (28, 29).

Subjects

All CDH patients admitted to our NICU are managed according
to the CDH EURO Consortium Consensus guidelines (30).
As previously described, we enrolled all newborns having a
preoperative chest X-ray performed within 24h after birth at
our NICU. Death within 1h, rotated, and air leak radiographs
were excluded (17). Surgery was performed as soon as the patient
achieved the hemodynamic and respiratory stability through
median laparotomy with either primary repair or Gore-Tex®
patch insertion. According to CDHSG defect size classification,
patching was performed in case of large defects (type C or
D) (30-34). After discharge, all patients were included in a
multidisciplinary follow-up program. In our Unit, we prefer to
perform a chest X-ray at all time points during the first 2 years
of life, then annually, aiming to detect asymptomatic recurrences
early (8, 30, 35).

Assessment of Radiographic Pulmonary

Area

Each patient’s pulmonary area was assessed by freehand tracing
of the diaphragm and rib cage’s perimeter, excluding the
mediastinal structures and herniated organs (17). If the anatomy
was particularly disrupted, only the aerated portion of the
lung was considered. The corresponding area was automatically
calculated by the software Synapse PACS (FUJIFILM Medical
Systems USA, Inc.). On each radiogram, three measurements
were performed:

1. Ipsilateral pulmonary area (cm?);

2. Contralateral pulmonary area (cm?); and

3. Total pulmonary area (cm?), obtained as the sum of the
preceding two.

Data Collection

Data regarding prenatal history, clinical, and surgical course were
collected from each patient’s electronic medical records. Hernia
severity was defined according to the combined evaluation
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FIGURE 1 | Study flowchart.
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of observed/expected lung-to-head ratio (O/E LHR%), liver
herniation, and side of the diaphragmatic defect (left, right,
bilateral) (2, 28, 29). Echocardiograms performed after birth
(T0), pre-surgery (T1), post-surgery (T2), and 7 days after
surgery (T3) were reviewed, and reported sPAP values were
recorded. CDH recurrence after surgical repair and the number
of deaths in the first year of life were considered. Data acquisition
was anonymous.

Statistical Analysis

Continuous variables were reported as mean (standard deviation)
or median (interquartile range); categorical variables were
presented as number and percentage. For the comparison
between groups, Student’s ¢-test, Mann-Whitney U-test, or Fisher
exact test were applied as appropriate.

The reproducibility of the method has already been assessed in
the primary analysis, using the Bland Altman plot and calculating
the Pearson correlation index (17).

Logistic regression models were used to evaluate the
relationship between the lung area and death or hernia
recurrence risk. Linear regression models were used to assess the
effects of lung area on sPAP values. The models were corrected
for gestational age at birth, as this variable could independently
influence the lung development and survival of patients.

The ROC curve was also calculated to assess the
discriminatory capacity of the radiographic measurement,
thus analyzing the sensitivity and specificity of the test.

Statistical analysis was performed using IBM SPSS®Statistics
V26.0. A p-value of 0.05 or lower was considered to be
statistically significant.

Data Availability

The manuscript illustrates the results of an exploratory secondary
analysis of the principal study NeoAPACHE I, registered at
the ClinicalTrials.gov with identifier NCT04396028. Datasets
generated during and/or analyzed during the current study are
available from the corresponding author.

RESULTS

The radiographic pulmonary area was assessed on 77 patients,
49 of whom survived to discharge and were alive at the age
of 1 year (36.4% mortality rate) (Figure1). The majority of
CDH were left-sided, with a high prevalence of severe forms
and liver herniation. Fetal endoscopic tracheal occlusion (FETO)
was performed in one-third of the cases, while extracorporeal
membrane oxygenation (ECMO) was required in three patients.
In more than half of cases, a diaphragmatic patch was needed for
surgical repair, and in one patient, an abdominal patch was also
used (Table 1).

Radiographic Pulmonary Area, Pulmonary
Hypertension, and Mortality

The study population was divided into two groups, deceased (n
= 28) and survived (n = 49). Compared with survivors, deceased
patients showed a lower mean observed/expected lung-to-head
ratio (O/E-LHR%) both at diagnosis and before birth, and the

NeoAPACHE Il
TABLE 1 | Characteristics of the study population.
CDH (n =77)
Prenatal data
Side of defect—n (%)
- Left CDH 61(79.2)
- Right CDH 15 (19.5)
- Bilateral CDH 1(1.9)
O/E LHR% —mean (SD)
- Initial 35.3(12.7)
- Final 49.4 (15.7)
Liver up—n (%) 51 (66.2)
Grading CDH—n (%)
- Severe 32(41.6)
- Moderate 13(16.9)
- Mild 32 (41.6)
FETO—n (%) 28 (36.4)
Postnatal data
Gestational age (weeks)—mean (SD) 36.6 (2.2)
Birth weight (g) —mean (SD) 2744 (586)
Males—n (%) 43 (55.8)
Inborn—n (%) 74 (96.1)
Vaginal delivery—n (%) 40 (51.9)
APGAR 1 min—median (IQR) 6 (4-7)
APGAR 5 min—median (IQR) 8 (7-9)
Surgery—n (%) 66 (85.7)
Day of surgical repair—median (IQR) 3 (2-4)
Diaphragmatic patch (on operated)—n (%) 34 (51.5)
Abdominal patch (on operated)—n (%) 1(1.5)
Mechanical ventilation (days)—median (IQR) 11 (7-20.5)
ECMO—n (%) 3(3.9)
Length of stay (days)—median (IQR) 39 (15-68)
Deceased—n (%) 28 (36.4)
Radiographic pulmonary area
Total pulmonary area (cm?)—mean (SD) 12.6 (7.0)
Ipsilateral pulmonary area (cm?)—mean (SD) 3.9(3.5)
Contralateral pulmonary area (cm?)—mean (SD) 8.6 (4.9)

CDH, congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation;
FETO, fetal endoscopic tracheal occlusion; IQR, interquartile range; n: number; O/E LHR,
observed/expected lung-to-head ratio; SD, standard deviation.

liver was herniated more frequently. Moreover, both gestational
age and weight were lower, and patch insertion was significantly
higher (Table 2).

At all times, deceased patients showed higher systolic
pulmonary arterial pressure (sPAP) values compared with
survivors (sPAP TO: 64.4 £ 17.2 vs. 54.4 £ 5.3 mmHg, p =
0.016; sPAP T1: 60.7 £ 109 vs. 50.6 £ 16.2 mmHg, p =
0.022; sPAP T2: 551 £ 179 vs. 46.4 £ 17.7 mmHg, p =
0.163; sPAP T3: 65.7 & 16.5 vs. 38.8 £ 13.6 mmHg, p <
0.001; Figure 2A). They also showed lower mean total, ipsilateral,
and contralateral pulmonary areas at birth (total pulmonary
area: 8.1 £ 4.6 vs. 151 £ 6.9 cm?, p < 0.001; ipsilateral
pulmonary area: 1.8 + 2.6 vs. 51 + 3.4 cm?, p < 0.001;
contralateral pulmonary area, 6.2 #+ 3.0 vs. 10.0 + 4.3 cm?,
p < 0.001; Figure 2B).
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TABLE 2 | Comparison between deceased and survived patients.

Deceased (n = 28) Survived (n = 49) p-value
Prenatal data
Side of defect—n (%)
- Left CDH 22 (78.6) 39 (79.6) 0.856"
- Right CDH 6(21.4) 9(18.4)
- Bilateral CDH 0(0.0) 1(2.0)
O/E LHR% —mean (SD)
- Initial 28.4 (7.6) 40.1 (13.4) <0.001*
- Final 42.1 (13.5) 54.2 (15.3) 0.001*
Liver up—n (%) 28 (100) 23 (46.9) <0.001"
Grading CDH—n (%)
- Severe 19 (67.9) 13 (26.5) <0.001"
- Moderate 7(25.0) 6(12.2)
- Mild 2(7.1) 30 (61.2)
FETO—n (%) 16 (57.1) 12 (24.5) 0.006*
Postnatal data
Gestational age (weeks)—mean (SD) 35.6 (2.4) 37.2(1.9) 0.002*
Birth weight (g)—mean (SD) 2437 (438) 2920 (591) <0.001*
Males—n (%) 13 (46.4) 30 (61.2) 0.239"
Vaginal delivery—n (%) 8 (28.6) 32 (65.3) 0.002"
APGAR 1°min—median (IQR) 4.5 (3-6) 6 (5-8) 0.003°
APGAR 5°min—median (IQR) 7 (6-8) 8 (8-9) <0.001°
Surgery—n (%) 17 (60.7) 49 (100) <0.001"
Day of surgical repair—median (IQR) 3 (2-4) 2 (2-3.5) 0.603°
Diaphragmatic patch (on operated)—n (%) 15(88.2) 19 (38.8) 0.001"
Abdominal patch (on operated)—n (%) 0(0.0) 1(2.0) >0.999"
Mechanical ventilation (days) —median (IQR) 8 (2-23.5) 16 (9-20) 0.036°
Oxygen (days)—median (IQR) 7.5 (2-31) 13 (3-27) 0.426°
Nitric oxide (days)—median (IQR) 8 (2-21) 9 (0-15) 0.380°
Sildenafil (days)—median (IQR) 7 (2-29.5) 0 (0-31) 0.077°
Length of stay (days)—median (IQR) 8 (2-31) 44 (35.5-70.5) <0.001°

CDH, congenital diaphragmatic hernia; FETO, fetal endoscopic tracheal occlusion; IQR,

standard deviation.
*Student’s T-Test.
°Mann Whitney U-Test.
Fisher Exact Test.

At birth, pulmonary area and sPAP were significantly
associated: as the three areas increased, sPAP at TO significantly
decreased, as shown by the linear regression model (Table 3A).

Following logistic regression analysis with death as the
outcome variable, the increase in all radiographic parameters was
also significantly related to improved survival in the first year of
life (Table 3B).

Finally, with increasing sPAP at TO, the risk of death
significantly increased as well (Table 3C).

The receiver operating characteristic (ROC) curve analysis
showed that the total pulmonary area had an area under the curve
(AUC) of 0.808, and a cut-off of 10.87 cm? predicted survival
with 77.6% sensitivity and 75% specificity (Figure 3A1). The
ipsilateral pulmonary area had an AUC of 0.772, and a cut-off
of 2.08 cm? predicted survival with 81.6% sensitivity and 68%
specificity (Figure 3A2). The contralateral pulmonary area had
an AUC of 0.775, and a cut-off of 7.3 cm? predicted survival with
75% sensitivity and 68% specificity (Figure 3A3).

interquartile range; n, number; O/E LHR, observed/expected lung-to-head ratio; SD,

We finally performed aROC curve analysis using the O/E LHR
at diagnosis. The total pulmonary area had an area AUC of 0.765,
and a cut-off value of 31.7% showed 74% sensitivity and 74%
specificity in predicting survival (Figure 3B).

Radiographic Pulmonary Area and Hernia

Recurrence

Survivors at the end of the first year of life were divided into
two groups based on hernia recurrence: recurrence (n = 10) and
non-recurrence (n = 39; Table 4).

The recurrence group mainly included severe-moderate forms
(80 vs. 28.2%), while most non-recurrence patients were mild
(20 vs. 71.8%). Although the mean initial O/E-LHR% was not
significantly different, the mean final O/E-LHR% was lower in
the recurrence group (44.4 vs. 56.9%, p = 0.029). Even though
diaphragmatic patching was higher in the recurrence group,
this difference was not significant. Recurrence patients required
longer intensive care (Table 4).
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FIGURE 2 | (A) Boxplots showing the comparison of SPAP values between survived and deceased patients. Student’s t-test was performed to compare the two

groups. (1) sPAP TO, p = 0.016; (2) sSPAP T1, p = 0.022; (3) sPAP T2, p = 0.163; (4) sPAP T3, p < 0.001. (B) Boxplots showing the comparison of radiographic lung
area on the first day of life between survived and deceased patients. Student’s t-test was performed to compare the two groups. (1) Total pulmonary area, p < 0.001;
(2) ipsilateral pulmonary area, p < 0.001; (3) contralateral puimonary area, p < 0.001. (C) Boxplots showing the comparison of radiographic lung area on the first day
of life between non-recurrence and recurrence patients. Student’s t-test was performed to compare the two groups. (1) Total pulmonary area, p = 0.034; (2) ipsilateral

The mean total and ipsilateral pulmonary area were
significantly lower in the recurrence compared with non-
recurrence group (total pulmonary area: 11.0 £ 3.2 vs. 16.2
+ 7.2 cm?, p = 0.034; ipsilateral pulmonary area: 2.7 & 2 vs.
5.7 4+ 3.4 cm?, p = 0.011), while the mean contralateral area
was not significantly different (8.3 + 3.3 vs. 10.5 & 4.5 cm?,
p = 0.164; Figure 2C).

The logistic regression model showed that as the total
and ipsilateral areas increased, CDH recurrence significantly
decreased (Table 3D).

The ROC curve analysis showed that the total pulmonary
area had an AUC of 0.759, and a cut-off of 13.07 cm?
predicted a 1l-year follow-up free of hernia recurrence
with 71.8% sensitivity and 80% specificity (Figure 3C1).
The ipsilateral pulmonary area had an AUC of 0.790,
and a cut-off of 3.75 cm? had 74.4% sensitivity and 60%
specificity (Figure 3C2).

Comparison Between FETO and Non-FETO

Patients

Mild cases have been excluded from the non-FETO
population to achieve a more homogeneous CDH
population of moderate-severe cases, either treated in

utero or expectantly managed. The new population was
constituted 45 patients, divided into 28 FETO (100%
severe) and 17 non-FETO (76.5% moderate and 23.5%
severe) (Table 5).

FETO group was more severely affected, as showed by lower
mean O/E-LHR% at diagnosis and a higher liver herniation rate.
However, the mean O/E-LHR% before birth was higher.

No differences were found in the mean total and contralateral
pulmonary area, while the mean ipsilateral pulmonary area was
significantly increased in the FETO group.

Mean sPAP values, length of pharmacological treatments,
and mechanical ventilation were not significantly different.
Despite lower gestational age at birth, no significant difference in
mortality rate was observed (FETO 57.1% vs. non-FETO 58.8%,
p > 0.999). The recurrence rate among survivors did not reach
statistical significance (p = 0.074).

DISCUSSION

Our study showed an association between radiographic lung
area, SPAP values, and death, confirming pulmonary hypoplasia
and pulmonary hypertension as the two most important
determinants of mortality (25, 26, 36). Among survivors, lung
area was also associated with hernia recurrence. As previously
reported, our findings suggest a possible role of the radiographic
lung area assessment as an easy, non-invasive, and reproducible
tool in the early prediction of mortality and morbidity among
patients with CDH (17, 18).

In our cohort, lower O/E-LHR% in the deceased group
indicated a more severe fetal lung impairment, which was then
reflected in smaller pulmonary areas at birth. Consequently, lung
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TABLE 3 | Radiographic lung area and outcome.

A  Radiographic pulmonary area sPAP at TO
Area (cm?) Estimate 95%ClI p-value
Total -0.85 —1.44, -0.25 0.006
Ispilateral —-1.84 -3.06, —0.62 0.004
Contralateral —1.09 —2.08, —0.09 0.032
B  Radiographic pulmonary area Death
Area (cm?3) OR 95%Cl p-value
Total 0.78 0.69, 0.89 <0.001
Ipsilateral 0.57 0.43,0.76 <0.001
Contralateral 0.76 0.63, 0.91 0.003
C  Pulmonary hypertension Death
sPAP (mmHg) OR 95%ClI p-value
TO 1.04 1.00, 1.07 0.034
D Radiographic pulmonary area Recurrence
Area (cm?) OR 95%ClI p-value
Total 0.86 0.75, 1.00 0.042
Ipsilateral 0.71 0.53, 0.95 0.022
Contralateral 0.86 0.71, 1.05 0.148

Results are corrected for gestational age. sPAFR, Systolic Pulmonary Arterial Pressure.

area and death were inversely related: 1 cm? of rising in the
ipsilateral area was associated with a 43% reduction in mortality,
while variations in the total and contralateral area determined a
reduction of 22 and 24%, respectively.

Wide defects have been previously associated with worse
survival and pulmonary hypertension, suggesting that small lung
size depicts the link between these two elements (6). Similarly,
in our cohort, deceased infants were characterized by persistently
higher sPAP values than survivors. In particular, sPAP values at
birth showed a decreasing trend by 1.84 mmHg, with each 1 cm?
increase in the ipsilateral area.

Our findings were consistent with previous literature (13,
16, 18). A significantly lower CRTA was reported in newborns
with CDH who died compared with survivors, and a CRTA
>12.99 ¢cm? was found to predict survival to discharge from
NICU better than LHR at diagnosis, with 85% sensitivity and 73%
specificity (18). In our study, we considered the O/E LHR% at
diagnosis instead of the absolute ratio, but similarly, the lung area
performed better in predicting mortality.

After surgical repair, persistently elevated pulmonary pressure
carried the highest mortality risk, with a 16% increase in
death risk for each sPAP unitary increment. Several studies
have correlated the severity of PH with mortality. Dillon et al.
evaluated mortality in a cohort of CDH patients and reported
that all those with supra-systemic sPAP died (26). Coughlin et
al. reported that patients with higher pulmonary pressure at 1
month had a higher incidence of post-operative complications
and worse survival, and persistently severe PH at 1 month was
associated with increased mortality (6). Similarly, looking at our
results, we could assume that the most critical factor might not
be the absolute value of sPAP or the presence of PH in the first
hours after birth, rather its persistence over time (6).

We also observed a significant association between
preoperative radiographic measurements and hernia recurrence
among survivors during the first year of life. The overall
recurrence rate of 20.4% in our cohort was in line with the
literature reports (19, 24, 37). In particular, the recurrence
rate was higher in those patients with lower final O/E LHR%,
prolonged invasive respiratory support, and need for intensive
care. Similarly, Al-Tede et al. found a longer duration of
mechanical ventilation and hospitalization in children with
recurrence (21). Notably, these patients showed a significantly
lower mean total pulmonary area at birth than non-recurrence,
mainly due to a significantly lower ipsilateral pulmonary area.

As a consequence, we respectively, observed a 14 and 29%
reduction in recurrence risk in our cohort per unit increment
of the total and ipsilateral area. The total radiographic area
had the best specificity in discriminating those patients at
risk of recurrence, while the ipsilateral area showed better
sensitivity. Taken together, the lower ipsilateral area and O/E-
LHR% reflected the presence of a large diaphragmatic defect
as the cause of poor lung development, indirectly confirming
defect size as the leading risk factor for hernia recurrence (19-
22, 24). In other words, we speculate that recurrence patients
were somehow “predisposed” to this complication since birth
and could have been identified early in the postnatal course. The
recurrence group’s high patching rate suggested the presence of
a wide defect, although this difference did not reach statistical
significance. We cannot deduce any specific contribution of
the patch in determining the recurrence risk due to the low
sample size.

We observed that tracheal occlusion improved lung
development and outcome through the descriptive comparison
between FETO and non-FETO patients’ characteristics. Since
prenatal treatment is reserved for severe cases of CDH, the FETO
group included only patients at one end of the spectrum of
disease severity (2). Nevertheless, final O/E-LHR% dramatically
improved after the procedure, and the ipsilateral lung area at
birth was even significantly better so that the total pulmonary
area did not differ between the two groups. Likewise, Dassios
et al. observed that patients previously submitted to the FETO
procedure had a CRTA comparable with untreated patients
with a similar mortality rate, reflecting a lung catch-up growth
favored by the prenatal procedure (18).

In our cohort, the non-FETO group, which was primarily
constituted by moderate cases, showed a 41.2% survival rate, in
line with what is generally expected for this category of CDH (2,
38, 39). As observed by Donee¢ et al., tracheal occlusion allowed
improved outcomes in the operative group, similar to a moderate
population expectantly managed (40). Finally, the recurrence
risk was not significantly different between the two populations,
despite higher patching in the FETO group, as previously
observed by Ali et al. (41). Although patch repair is a leading risk
factor, the low recurrence rate suggests other factors besides patch
use as possible re-herniation determinants (20, 42). Tsai et al.
reported a non-significant difference in recurrence rate between
patching and primary repair, despite a higher disease severity in
the first group (20). Jawaid et al. reported a low incidence of
recurrence in patients in which Gore-Tex® patch was inserted
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FIGURE 3 | (A) ROC analysis and estimation of the corresponding area under the curve (AUC) for the radiographic pulmonary area’s performance in predicting
survival to 1 year of life. (1) Total pulmonary area; (2) ipsilateral pulmonary area; (3) contralateral pulmonary area. (B) ROC analysis and estimation of the corresponding
area under the curve (AUC) for the O/E LHR% at diagnosis performance in predicting hernia recurrence in the first year of life. (C) ROC analysis and estimation of the
corresponding area under the curve (AUC) for the radiographic performance of the pulmonary area in predicting hernia recurrence in the first year of life. (1) Total
pulmonary area; (2) ipsilateral pulmonary area.

(42). Although we cannot conclude on the patch’s contribution
to re-herniation, we can observe that lower radiographic area at
birth could influence the risk of this complication and speculate
that lung catch-up growth in FETO patients could confer the
same recurrence risk as the untreated counterparts, which needs
to be confirmed with further data (19, 21, 22, 24).

To the best of our knowledge, our study seems to be the first to
evaluate the association between radiographic lung area and two
important outcomes affecting newborns with CDH: pulmonary
hypertension and hernia recurrence.

The radiographic measurement is easy, rapid, and can
be performed soon after birth on the chest X-ray routinely
performed at NICU admission. It would contribute to the early
identification of infants at greater risk of developing higher sPAP
values in the immediate postnatal period and a higher likelihood
of long-term hernia recurrence and higher mortality. For
example, the combined serial evaluation of lung area and sPAP
over time could help to define trajectories related to the risk of
persistently elevated sPAP and chronic pulmonary hypertension.

Similarly, the preoperative radiographic assessment could help
identify a subgroup of patients at higher risk of recurrence,
directing them toward a tailored surgical follow-up.

The ipsilateral and contralateral areas were considered
separately, evaluating the impact of hernia on each lung. We
demonstrated that the ipsilateral area, which is more seriously
affected by visceral herniation, has the most significant influence
on patient outcomes.

Finally, focusing on FETO patients, we confirm the positive
effects of the fetal procedure on lung catch-up growth and
patient outcome.

Patients from our cohort showed a broad spectrum of disease
severity, including infants requiring fetal surgery and ECMO
support, and the standardization of treatment according to
international guidelines guarantees uniformity of care.

A certain technical difficulty in tracing the lung perimeter in
severe forms must be underlined as a limitation of the study. We
arbitrarily decided to consider only those parts of the radiograms
where a lung plot was present, corresponding to those regions
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TABLE 4 | Comparison between recurrence and non-recurrence hernia patients.

Recurrence (n = 10) Non-recurrence (n = 39) p-value
Prenatal data
Side of defect—n (%) >0.999"
- Left CDH 8 (80.0) 31(79.9)
- Right CDH 2(20.0) 7(17.9)
- Bilateral CDH 0(.0) 1(2.6)
O/E LHR% —mean (SD)
- Initial 34.6 (8.2) 42.1 (14.4) 0.132*
- Final 44.4 (14.6) 56.9 (14.6) 0.029*
Liver UP—n (%) 5 (50) 18 (46.2) >0.999"
Grading CDH—n (%)
- Severe 4 (40.0) 9(23.1) 0.002"
- Moderate 4(40.0) 2(5.1)
- Mild 2 (20.0) 28 (71.8)
FETO—n (%) 3(30.0) 9 (23.1) 0.690"
Postnatal data
Gestational age (weeks)—mean (SD) 37.5(1.5) 37.1(2.0) 0.563*
Birthweight (g)—mean (SD) 2808 (412) 2949 (630) 0.506*
Day of surgical repair—median (IQR) 3 (2.75-4.25) 2 (2-9) 0.066°
Diaphragmatic patch—n (%) 6 (60.0) 13 (33.9) 0.156"
Abdominal patch—n (%) 0(0.0) 1(2.6) >0.999"
Mechanical ventilation (days)—median (IQR) 20.5 (15.25-26) 12 (8-18) 0.013°
Length of stay (days)—median (IQR) 55 (43-111.75) 42 (33-66) 0.028°

CDH, congenital diaphragmatic hernia; FETO, fetal endoscopic tracheal occlusion; IQR, interquartile range; O/E LHR, observed/expected lung-to-head ratio; SD, standard deviation.

*Student’s T-Test.
°Mann Whitney U-Test.
"Fisher Exact Test.

effectively recruited and ventilated. However, the interference of
mechanical compression exerted by the herniated organs plays a
considerable role.

This methodological decision could constitute a bias leading
to underestimating the lung dimensions since atelectasis areas
had been excluded from the measurement. Therefore, after
mechanical compression has been removed, the effective lung
area evaluation could reliably define lung hypoplasia and
associated outcome. For example, Dimitriou et al. calculated
the difference between the pre- and post-operative radiographic
measurements, showing that post-operative improvement was
higher in patients with a good outcome. They concluded that
poor prognosis was correlated to low post-operative rather than
low preoperative values, which was probably more related to
mechanical compression than lung hypoplasia (16). Therefore,
the radiographic assessment of post-operative lung areas and the
relative increase from preoperative values should be included in
further analysis.

The neonatal ECMO Center was activated in 2016, with only
three patients undergoing extracorporeal support during the
study period. This could have had an impact on survival chances.
In addition, team training and expertise plays a major role in
favorable ECMO outcome. We expect a survival improvement
in the very recent years, which we would like to confirm with
additional analysis (43-45).

Another significant weakness is related to the retrospective
design of the study, which limited the sample size. Some
missing data regarding sPAP estimation could not be integrated

with further hemodynamic assessments. Therefore, only an
exploratory secondary analysis could be performed. Finally, we
recognize that several factors could influence pulmonary vascular
resistance and mortality throughout the hospital stay, such as
pharmacological treatments, infections, patency of the ductus
arteriosus, or surgery timing. Similarly, radiographic lung area
could be influenced by factors such as quality of image, ventilator
settings, under- or overinflation, which can then influence
vascular resistance as well. The contribution of these factors
cannot be completely assessed with single imaging performed
at birth, which reflects the patient’s conditions in a defining
moment. Although the highest lung area can be considered a
good approximation, it might not reflect the patient best clinical
condition, and these factors should be taken into account in
further analysis on a larger cohort. In addition, it would be of
great importance to match lung area and sPAP values at T1, T2,
and T3, to clarify if the association is still confirmed over time
and define possible trajectories.

CONCLUSIONS

The radiographic pulmonary area on the first day of life reflects
impaired lung development during fetal life and the extent of
the diaphragmatic defect in CDH patients. Lower lung areas
are associated with higher sPAP values at birth, death, and
hernia recurrence. Further studies are needed to consolidate
these results and define the possible role of the radiographic
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TABLE 5 | Comparison between FETO and non-FETO patients.

FETO (n = 28) Non-FETO, excluded mild (n = 17) p-value
Prenatal data
Side of defect—n (%)
- Left CDH 19 (67.9) 15(88.2) 0.341"
- Right CDH 8 (28.6) 2(11.8)
- Bilateral CDH 1(3.6) 0(0.0)
Liver UP—n (%) 28 (100) 13 (76.5) 0.016"
O/E LHR%—mea n (SD)
- Initial 25.4 (5.6) 35.1(7.9) <0.001*
- Final 51.8 (15.4) 33.8(7.1) <0.001*
Grading CDH—n (%)
_ Severe 28 (100) 4 (23.5) <0.0017
- Moderate 0(0.0) 13 (76.5)
Postnatal data
Gestational age (weeks)—mean (SD) 35(2.4) 37.1(1.7) 0.003*
Birthweight (g)—mean (SD) 2436 (511) 2517 (389) 0.576*
Surgery—n (%) 22 (78.6) 12 (70.6) 0.722"
Day of surgical repair—median (IQR) 2.5(2-3) 3.5 (2.25-5) 0.040°
Diaphragmatic patch (on operated)—n (%) 18 (81.8) 8 (66.7) 0.410"
Abdominal patch (on operated)—n (%) 1(4.5) 0(0.0) >0.999"
SPAP TO (mmHg)—mean (SD) 59.4 (16.4) 63.2 (18.6) 0.513*
SPAP T1 (mmHg)—mean (SD) 55.2 (13.0) 63.1(13.6) 0.136*
SPAP T2 (mmHg)—mean (SD) 48.3 (15.2) 53.5(18.7) 0.459*
SPAP T3 (mmHg)—mean (SD) 54.6 (20.3) 42.9 (20.7) 0.228*
Mechanical ventilation (days)—median (IQR) 16 (9-25.5) 15 (6-23) 0.5682°
Oxygen (days)—median (IQR) 16 (4.75-34.75) 13 (2.5-45) 0.761°
Nitric oxide (days)—median (IQR) 11.5 (6-22) 9 (2.5-17) 0.337°
Sildenafil (days)—median (IQR) 9 (1-74.25) 6 (0-38) 0.334°
Length of stay (days)—median (IQR) 41 (9-94.5) 39 (5-80.5) 0.512°
Deceased—n (%) 16 (567.1) 10 (58.8) >0.999"
Recurrence (on survivors)—n (%) 3(25.0) 5(71.4) 0.074"
Radiographic pulmonary area
Total pulmonary area (cm?)—mean (SD) 10.5 (6.1) 8.9 (4.7) 0.362*
Ipsilateral pulmonary area (cm?)—mean (SD) 3.5(3.2) 1.3 (2.0) 0.015*
Contralateral pulmonary area (cm?)—mean (SD) 6.9 (3.5) 7.6 (3.8) 0.5623*

CDH, congenital diaphragmatic hernia; FETO, fetal endoscopic tracheal occlusion; IQR, interquartile range; n, number; O/E LHR, observed/expected lung-to-head ratio; SD, standard

deviation; sSPAF, Systolic Pulmonary Arterial Pressure.
"Student’s T-Test.

°Mann Whitney U-Test.

Fisher Exact Test.

lung area for early risk assessment, monitoring, and outcome
prediction in newborns with CDH.
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Background and Objectives: Children born with congenital diaphragmatic hernia
(CDH) and treated with extracorporeal membrane oxygenation (ECMOQO), are at risk
for motor function impairment during childhood. We hypothesized that all children
born with CDH are at risk for persistent motor function impairment, irrespective of
ECMO-treatment. We longitudinally assessed these children’s motor function.

Methods: Children with CDH with and without ECMO-treatment, born 1999-2007, who
joined our structural prospective follow-up program were assessed with the Movement
Assessment Battery for Children (M-ABC) at 5, 8, 12 years. Z-scores were used in a
general linear model for longitudinal analysis.

Results: We included 55 children, of whom 25 had been treated with ECMO. Forty-three
(78%) were evaluated at three ages. Estimated mean (95% Cl) z-scores from the general
linear model were —0.67 (—0.96 to —0.39) at 5 years of age, —0.35 (—0.65 to —0.05)
at 8 years, and —0.46 (—0.76 to —0.17) at 12 years. The 5- and 8-years scores
differed significantly (p = 0.02). Motor development was significantly below the norm in
non-ECMO treated patients at five years; —0.44 (—0.83 to —0.05), and at all ages in the
ECMO-treated-patients: —0.90 (—1.32 to —0.49), —0.45 (—0.90 to —0.02) and —0.75
(—1.2t0 —0.34) at 5, 8, and 12 years, respectively. Length of hospital stay was negatively
associated with estimated total z-score M-ABC (p = 0.004 multivariate analysis).

Conclusion: School-age children born with CDH are at risk for motor function
impairment, which persists in those who received ECMO-treatment. Especially for them
long-term follow up is recommended.

Keywords: congenital diaphragmatic hernia, motor function, development, critical illness, follow-up
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de Munck et al.

Motor Function in Congenital Diaphragmatic Hernia

INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare anomaly with
a prevalence of 2.3 per 10,000 births (1). This anomaly brings
along a broad spectrum of problems, of which lung hypoplasia
and pulmonary hypertension contribute considerably to the
mortality rate of ~28% (2). Over the last decade, improved
treatment of CDH has increased the survival rates as well as
the prevalence of long-term morbidity (1, 3). The latter may
last into adolescence and beyond, affecting several domains of
development (4, 5). Among all domains, motor impairment
is frequently reported, and gross motor function deficits in
particular (3). This is of concern, given that motor impairments
may affect the child’s life on multiple levels, such as not being
fully able to participate in sports and lagging behind one’s peers.
The underlying cause of these impairments remains unknown;
yet, a number of determinants have been suggested, disease- as
well as treatment-related (6-8). Nevertheless, the identification
of specific risk factors might help to develop a tool for risk
stratification. Survivors of CDH are already at risk for motor
delay in the first years of life (9), although contradictory
results on motor development in toddlers born with CDH have
been published (10, 11). Aged 5 and 8 years, children born
with CDH have been found to be at risk for impaired motor
function, regardless of having received extracorporeal membrane
oxygenation (ECMO) treatment (6, 12). In a longitudinal study
concerning motor development in children with a variety of
diagnoses treated with ECMO, the ones diagnosed with CDH
appeared to be at the highest risk of impaired motor function
(8). However, the course of motor function impairment over
time in the complete spectrum of CDH-survivors is yet to be
discovered (3). We hypothesized that children born with CDH
are at risk for longitudinal motor function impairment. We
longitudinally studied motor function, establishing total scores
on motor function as well as subskills scores, together with its
determinants, in a population of CDH-survivors treated either
with or without ECMO.

METHODS

Patients

All children born with CDH between January 1999 and
November 2007, and who had joined our prospective follow-up
program in the Erasmus MC Sophia Children’s Hospital, were
included. This program involves assessment by an experienced
pediatric physical therapist at ages 30 months, 5, 8, 12, and 17
years, including motor performance up till 12 years of age, and
exercise capacity up till 17 years of age (6, 8, 13). In case of
emerging motor problems, children are offered extra help; e.g.,
referral for physical therapy. For this study, we analyzed motor
function outcomes at 5, 8, and 12 years of age. The children
included in the study had all undergone at least one assessment

Abbreviations: CDH, congenital diaphragmatic hernia; CI, confidence interval;
CLD, chronic lung disease; ECMO, extracorporeal membrane oxygenation; GLM,
general linear model; M-ABC, Movement Assessment Battery for Children; PICU,
pediatric intensive care unit; VA, venoarterial.

of motor function. For organizational reasons, the assessment at
12 years of age was discontinued for non-ECMO treated patients
between 2011 and 2013. Data were collected until January 2020.

Exclusion Criteria

Children were excluded if they had been diagnosed with CDH
later than seven days post-partum or when the anomaly appeared
to be a para-esophageal hernia or a diaphragmatic eventration.
Children who could not be reliably assessed, e.g. those with
a chromosomal disorder known to affect motor performance
or with severe neurodevelopmental impairment, were excluded
as well. As ruled by the Erasmus MC Medical Ethics Review
Board, this study was exempt from the Dutch Medical Research
Involving Human Subjects Act. Therefore, Medical Ethics Review
Board approval was waived (MEC-2020-0551). Data acquisition
took place as part of routine clinical care. Parents of included
children were informed that data were evaluated.

Motor Function Assessment

Both the first and the second version of the Movement
Assessment Battery for Children (M-ABC), validated for children
from 3 to 16 of age, were used to assess motor performance
(14, 15). The original norm scores and cutoff values are applicable
to Dutch children (15). Between March 2004 and October 2012,
we used the first version of the M-ABC, and from November
2012 onwards the M-ABC-2. From here on, the term M-ABC
refers to both versions, whose content is similar and assumed
to be comparable (16, 17). The M-ABC is divided in three age
bands. Each band contains age-appropriate tests covering three
domains: manual dexterity (3 items), ball skills (2 items) and
balance skills (3 items).

Characteristics

We recorded the following perinatal characteristics: gender,
birthweight (grams), gestational age (weeks), inborn (yes/no;
yes if born in our hospital or other CDH center), prenatal
diagnosis (yes/no), side of the defect, age at surgery (days),
primary closure of defect (yes/no), duration of initial ventilation
(days), duration of initial stay at the pediatric intensive care unit
(PICU) (days), duration of initial hospital stay (days), cardiac
malformations (yes/no; recorded if follow up by a pediatric
cardiologist was necessary), treatment with inhaled nitric oxide
(yes/no), chronic lung disease (CLD) (18), sepsis during initial
hospital stay (defined as clinical suspicion confirmed with
positive blood culture), ECMO-treatment (yes/no), age at start
ECMO (hours), and duration of ECMO-treatment (hours),
and maternal education level as classified by the International
Standard Classification of Education (19).

At follow-up, the following characteristics were collected:
weight-for-height z-score (20), having obtained a swimming
certificate, sports participation (yes/no, yes if at least once a
week, other than gymnastics at school). All characteristics were
retrieved from electronic patient files.

Statistical Analysis
Mann-Whitney U tests were used to compare continuous
data of participants and non-participants, who were lost to
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follow up, as well as data of ECMO-treated and non-ECMO
treated patients; chi-square tests were used for categorical data.
All statistical tests were two-sided with a significance level
of 0.05.

Raw scores from the M-ABC assessment were converted to
percentile scores for clinical interpretation. For both versions
of the M-ABC, a score equal to or below the fifth percentile
indicates a definite motor problem. Therefore, we classified

children as those who have a definite motor problem and
those who have not (14, 15). The chi-square test was used to
compare outcome proportions in our sample of CDH patients
with normative proportions. To combine scores of both M-
ABC versions, the analysis was based on the percentile scores
of the M-ABC, and a probit transformation (i.e., inverse normal
transformation) was performed to transform the percentile
scores into z-scores (16).

120 patients with CDH admitted to our ICU
between January 1999 and September 2007
(58 ECMO/ 62 non ECMO)

39 died

h 4

(28 ECMO/ 11 non
ECMO)

81 eligible for follow up
(68% overall survival)

( 30 ECMO/ 51 non ECMO)

n=2 included
treated in other
CDH-center,

n=19 excluded

n=3 para-esophageal hernia (0 ECMO)

n=2 eventration (0 ECMO)

n=7 late diagnosis (0 ECMO) (range from 6
weeks after birth to9 years of age)

_|n=6 severe neurodevelopmental disability

participated in
our follow up
(1 ECMO)

"|(n=2) and/or syndrome (n=4) (2 ECMO)
(Loeys-Dietz syndrome n=1,

autism spectrum disorder n=1,

Cohen syndromen=1,

Wolf-Hirschhorn syndrome n=1)

n=1 hemiparesis (1 ECMO)

64 eligible for study
(79% of survivors)
(28 ECMO/ 36 non ECMO)

n=9 no M-ABC
n= 6 refused to participate ( 2 ECMO)

n=1 moved away (1 ECMO)
n=2 organizational reasons (0 ECMO)

n=55 M-ABC

(86% of eligible for study)
(25 ECMO/ 30 non ECMO)

l l

M-ABC at 5, 8 and 12 years of | |M-ABC at5 and 8 years of

age* age*
n=43 (23 ECMO) n=8 (1 ECMO)

no follow up at 12 due to:
- no show (n=1)

- recent surgery (n=1)

(1 ECMO)

- organizational reasons™®
(n=6)

M-ABC at 8 and 12 years of M-ABC at 8 years of age*

age* n=2 (0 ECMO)

n=2 (1ECMO) nofollowup at 5 and 12 due
no follow up at 5 due to: to:

- no show (n=2) - no show and organizational
(1 ECMO) reasons* (n=1)

- missing data and
organizational reasons® (n=1)

discontinued for non-ECMO-treated patients.

FIGURE 1 | Flowchart of inclusion and exclusion of study participants. CDH, congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation; PMR,
psychomotor retardation; M-ABC, Motor-Assessment Battery for Children. * Organizational reasons, in the years 2011-2013, the assessment at 12 years of age was

Frontiers in Pediatrics | www.frontiersin.org

24

October 2021 | Volume 9 | Article 729054


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

de Munck et al.

Motor Function in Congenital Diaphragmatic Hernia

TABLE 1 | Background characteristics.

Non-ECMO (n = 30) 55% ECMO (n = 25) 45% p-value Non-ECMO n = 30 (55)
Boys 17 (57) 18 (72) 0.24 6 67)
Birthweight, grams 3,000 (1,805-4,900) 3,200 (2,000-3,810) 0.12 3,000 (2,400-3,600)
Gestational age, weeks 39 (35.6-41.4) 39.3 (35.6-41.4) 0.24 39.5 (38.3-39.5)
Inborn 20 (67) 9 (36) 0.02 6 (67)
Prenatal diagnosis 20 (69) 10 (40) 0.03 6 (67)
Left sided defect 24 (80) 24 (96) 0.08 8 (89)
Age at surgery, days 4 (1-14) 11 (1-42) <0.001 5 (1-20)
Primarily closed 12 (40) 4 (16) 0.05 3 (33)
Initial ventilation, days 10.5 (3-53) 28 (8-146) <0.001 14 (2-64)
Initial PICU stay, days 19 (9-100) 44 (15-153) <0.001 31 (8-99)
Initial hospital stay, days 32.5 (9-113) 7 (22-187) <0.001 31 (156-127)
Cardiac malformations 1 Q) 3 (12) 0.22 0 0)
Inhaled nitric oxide treatment 16 (55) 24 (96) <0.001 7 (78)
Chronic lung disease (23) 15 (60) 0.01 32 (38)
Sepsis during initial hospital stay 3 (10) 9 (36) 0.02 32 (38)
Need for ECMO - 25 (100 3 (33)
VA - 25 (100 3 (100)
Age at start ECMO, hours - 14 (2-251) 40 (5-75)
Time on ECMO, hours - 161 (63-369) 236 (83-237)
ISCED level mother
Low (ISCED 0-2) 3 (10) 2 ®) 0.86 0
Middle (ISCED 3-4) 11 (36.7) 8 (32) 0.85 0
High (ISCED 5-8) 12 (40) 11 (44) 0.77 1 (11.1)
Not available 4 (13.3) 4 (16) 8 (88.9)

Data presented as median (range), or n (%). Non-participants: patients lost to follow up or unable to perform M-ABC. ECMO, extracorporeal membrane oxygenation, VA, venoarterial;
PICU, pediatric intensive care unit; ISCED, International Standard Classification of Education (19). p-value represents comparison between non-ECMO and ECMO-treated CDH;
participants and non-participants were not significantly different and p-values were not shown. @1 missing data. Bold values indicate significant difference between non-ECMO and

ECMO-treated CDH patients.

For the longitudinal analysis of motor development over
the years, we used general linear models (GLM) for repeated
measurements. An advantage of GLM is that it accounts for
data that are missing at random. The dependent variable in this
model is the z-scores of the M-ABC. Age (coded as a categorical
variable), ECMO treatment (yes/no) and their interaction effect
were included as independent variables. Mean values of the M-
ABC were compared between age groups, for the entire sample
and stratified by ECMO group, using the estimated marginal
means of this model. The determinants birthweight, CLD, initial
hospital stay, primary closure of defect, sports participation
and weight-for-height z-score at follow up were added to this
model as independent variables, first one by one for univariate
analyses and eventually all together for multivariate analysis. An
unstructured covariance matrix was assumed to account for the
within-patient correlations between the three age groups.

RESULTS

Between January 1999 and December 2007, 120 children born
with CDH were admitted to our PICU, of whom 81 (68%)
survived to date. After applying the exclusion criteria, 64
patients were eligible for this study, of whom 9 were not
assessed for various reasons, resulting in 55 participants. This

number includes two participants of our program who were
born in another CDH-center (Figure 1). The clinical baseline
characteristics of the participants did not differ significantly from
those of the non-participants who were lost to follow up, but
the frequencies of several characteristics differed significantly
between ECMO-treated and non-ECMO-treated participants,
such as length of stay and treatment with inhaled nitric oxide
(Table 1). At twelve years of age, 52 children (94.5%) had
obtained a swimming certificate.

Longitudinal Evaluation

The longitudinal M-ABC results of the total group had improved
significantly from age 5 (estimated marginal mean z-score —0.67,
95% CI —0.96 to —0.39) towards age 8 (—0.35, 95% CI —0.65 to
—0.05), resulting in a mean difference of 0.32 (p = 0.02), followed
by a score of —0.46 at age 12 years (95% CI —0.76 to —0.17). For
the non-ECMO treated patients, no significant differences in M-
ABC scores were found between ages. The estimated marginal
mean z-score was —0.44 at 5 years of age (95% CI —0.83 to
—0.05), —0.25 at 8 years of age (95% CI —0.65 to 0.16) and
—0.18 at 12 years of age (95% CI —0.59 to 0.24). For the ECMO-
treated patients, the estimated marginal mean z-score increased
significantly from age 5 to age 8 years, from —0.91 (95% CI
—1.33 to —0.49) to —0.46 (95% CI —0.90 to —0.02), resulting in a
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FIGURE 2 | Longitudinal motor function performance in ECMO-treated and non-ECMO-treated children with CDH. Data shown are estimated mean z-scores of the
M-ABC with 95% Cls. Circles, ECMO-treated children; triangles, non-ECMO-treated children. *For the ECMO-treated patients, scores differed significantly from age 5
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mean difference of —0.45; (p = 0.03) and declined at age 12 years
(—0.75,95% CI —1.17 to —0.34) (Figure 2).

Proportions of Motor Domain Scores

Compared to Norm Population
At all three ages, the proportion of ECMO-treated children with
a normal total impairment score was significantly lower than in
the norm population (chi-square, all p < 0.01; Table 2).
Concerning subskills, ECMO-treated children performed
significantly worse than the norm population on manual
dexterity at ages 8 and 12 years (p = 0.01 and p < 0.001,
respectively) and on balance skills at ages 5 and 8 years (p <
0.001 and p = 0.01, respectively). Ball skills were significantly
affected in the non-ECMO treated group at age 12 years (p =
0.003) (Table 2).

Associations

Both in univariate and multivariate analysis, the length of
hospital stay was negatively associated with the total z-score of
M-ABC (p = 0.001 univariate analysis; p = 0.004 multivariate
analysis), whereas the other variables were not significantly
associated with outcome (Table 3).

DISCUSSION

To the best of our knowledge, this is the first study to
longitudinally evaluate the course of motor function in school-
aged CDH survivors. We distinguished between those who had
been treated with ECMO and those who had not, since it had
been shown before that ECMO-treated CDH patients were at risk

for impaired motor function (8). Strikingly, at ages 8 and 12 years,
the estimated mean z-scores for motor function in non-ECMO-
treated participants were not significantly lower than the norm
scores, whereas the scores of those treated with ECMO were. At
five years of age, scores in both groups were significantly lower
than the norm. In multivariate analysis, length of hospital stay
was independently associated with poorer motor outcome.

Several groups have studied motor function in children
with CDH. Tureczek and co-workers cross-sectionally studied
outcome in 3-to-16-year-old non-ECMO-treated children born
with CDH. They found that younger children, up till age five
years, performed better than older children on adaptive fine
and gross motor components, although this finding might have
been due to the application of different tests at the various
ages (21). Danzer and co-workers longitudinally evaluated motor
performance within the first three years of life of children
born with CDH, and reported average motor function in the
majority of children (10). Church and co-workers performed a
retrospective observational study in CDH survivors aged from 4
months to 7.5 years old and found overall motor function to be
below average, mainly due to gross motor problems (7). Overall,
despite the variability in type of assessment and age of testing,
all studies in CDH survivors are consistent in the occurrence of
gross motor problems.

Earlier studies in CDH as well as ECMO-survivors revealed
need for methadone, CLD and lower observed-to-expected total
fetal lung volume as determinants for motor function problems
(6-8). In our study, length of hospital was negatively associated
with motor function, whereas CLD was not. This association
has previously been found in survivors of CDH at toddler age
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TABLE 2 | Characteristics and results at follow up.

5years n =51 8 years n =55 12 years n = 45
Non-ECMO ECMO Non-ECMO ECMO Non-ECMO ECMO
n =27 (53) n =24 (47) n = 30 (55) n = 25 (45) n=21(47) n =24 (53)
Boys, (n) 15 (56) 17 (71) 17 (56) 18 (72) 12 (57) 17 (71)
Weight-for-height, z-score —-0.73 —1.60 —0.50 —1.44 —0.30 —0.70
(—2.96 (—3.69 (—2.53 (—3.86 (—2.43 (-3.37
to 1.55) to 0.01) to 1.20) to 1.23) to 1.8) t0 2.17)
Sports participation, (n) 16 (59) 14 (58) 26 (87) 17 (68) 16 (76) 14 (58)
M-ABC total impairment score
normal — borderline, > p5 (n) 24 (89) 18 (75) 27 (90) 19 (76)* 20 (95) 18 (75)
definite motor problem, p<5 (n) 3(11) 6 (25) 3(10) 6 (24) 5) 6 (25)
M-ABC manual dexterity
normal — borderline, > p5 (n) 26 (96) 21(87.5) 28 (93) 21 (84" 19 (90.5) 18 (75)
definite motor problem, p<5 (n) 14 3(12.5) 2 (7) 4 (16) 2(9.5) 6 (25)
M-ABC ball skills
normal-borderline, > p5 (n) 25 (93) 21 (87.5) 28 (93) 22 (88) 17 (81)* 22 (92)
definite motor problem, p < 5 (n) 2(7) 3(12.5) 2(7) 3(12) 4 (19) 8)
M-ABC balance skills
normal — borderline, > p5 (n) 24 (89) 18 (75) 28 (93) 21 (84" 19 (90.5) 22 (92)
definite motor problem, p < 5 (n) 3(11) 6 (25) (7) 4 (16) 2 (9.5) 8)

R, percentile. Data shown n (%) or median (range). ECMO, extracorporeal membrane oxygenation. M-ABC, Movement assessment battery for children. *p < 0.01 Chi-square test in

comparison with norm values. “p < 0.05 Chi-square test in comparison with norm values.

TABLE 3 | Possible determinants of motor performance in the total group of children with CDH.

Independent variables

z-scores of the M-ABC

Univariate analysis

Multivariate analysis

B 95% CI p-value B 95% ClI p-value
Birthweight (kg) 0.36 —0.09 to 0.81 0.11 0.31 —0.131t00.74 0.16
CLD (yes/no) —0.45 —0.98 t0 0.09 0.10 0.17 —0.51100.84 0.62
Initial hospital stay (days)? —0.01 —0.02 to —0.004 0.001 —0.01 —0.02 to —0.005 0.004
Primary closure of defect (yes/no) —0.09 —0.661t0 0.48 0.76 -0.23 —0.77 10 0.31 0.40
weight—for-height z-score at follow-up —0.05 —-0.211t00.12 0.58 -0.13 —0.30t0 0.03 0.10
Sports participation (yes/no) 0.13 —0.17 t0 0.42 0.40 0.12 —0.17 t0 0.41 0.41

CLD, chronic lung disease as defined by Jobe and Bancalari (18). Results are based on a general linear model, which has been adjusted for ECMO-treatment and age, as well as for
interaction between those two variables. 2Significant association. Bold values indicate significant association.

(9, 10). The results of our multivariable analysis suggest that the
z-score of M-ABC decreases with 0.01 for every week of initial
hospitalization, but our model does not allow to determine a
critical threshold of length of hospital stay to predict need of
follow-up of motor function. Nevertheless, we propose that risk-
stratification should not rely solely on ECMO-treatment, but
include length of hospital stay as well. Longer length of stay
itself might not be contributive to impaired motor function; it
rather reflects severity of disease with underlying problems, such
as pulmonary hypertension and failure to thrive.

The five-year-olds in our study appeared to be at risk for
poor motor functioning, but motor performance improved
thereafter — especially in CDH-survivors who had not received
ECMO-treatment. Our data do not allow to conclude what

actually has contributed to the improvement, although
enrolment in our longitudinal follow-up program, with
more timely referral to pediatric physical therapists and active
stimulation to sports participation, is likely to have contributed
(6,8, 12, 22).

A few issues relating to this study need to be addressed.
First, all but one of the included children underwent laparotomy,
which in the study period (1999-2007) was standard of care for
surgical correction of CDH. Nowadays, more infants undergo
minimal access surgery (23). The question whether gross motor
function might be affected by impaired truncal muscle strength
after laparotomy has not yet been answered, but deserves
further investigation. Second, children with CDH born today
are treated with a standardized perinatal protocol introduced
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in 2008 (24). This protocol resulted in a decline in both
mortality and need for ECMO (25, 26). Moreover, CDH is more
and more predicted prenatally through standardized ultrasound
examination at 20 weeks gestational age. The large majority of
the participants in our study were born before the introduction
of the protocol and the standardized ultrasound, so that the
studied children overall are not fully representative of patients
born today.

Although we have previously reported that CDH survivors
at school age are at risk for pulmonary morbidity (27),
we did not include data concerning lung function. In a
randomized controlled trial involving CDH patients with airflow
obstruction, we concluded that both exercise tolerance and motor
function improved irrespective of intervention, and that parental
awareness of reduced exercise capacity rather than specific
interventions may have contributed to the improvement (28).
This might indicate that lifestyle factors, rather than decreased
lung function, contribute to impaired motor function.

Regarding awareness, both the child and its parents tend
overestimate the child’s motor competence as compared to the
results of the M-ABC (29, 30). After having seen their child in a
state of critical illness, the urge for well-developed motor function
might seem futile to parents (29). Additionally, some parents
might consider their child too vulnerable to actively participate
in sports. Yet, this underlines the importance of comprehensive
counseling of parents.

Moreover, treatment-related causes of motor function
impairment might play a role, too. Abnormal cerebral ultrasound
findings are not uncommon in this group, especially in ECMO-
treated patients, although those findings are not linked to
motor development yet (8, 31). Future studies concerning
outcome should include the results of close neuromonitoring,
as is currently being done in the NEMO-trial (NTR7160),
which aims to gain more insight in the physiology of the brain
of CDH-patients perioperatively. Also, neuroimaging during
the period of critical illness as determinant for future motor
development could be of use, to allow detailed risk stratification
and prognostication.

Several limitations of our study must be taken into account.
First, over the study period, two consecutive versions of the
M-ABC were applied. Nevertheless, converting the scores to z-
scores allowed comparison between test results (16). Second,
this is a single-center study, which limits the transferability of
the results. Third, we did not include a score for critical illness,
which limited the identification of predictive determinants
for impaired motor function. In a previous study by our
group, the vaso-active inotropic score (VIS) was found to be
predictive of neurocognitive outcome in ECMO-treated patients,
and we therefore recommend to take this score into account
in further studies concerning development (32). Until 2005
cumulative drug doses were lacking as digital records were
unavailable. We were therefore unable to properly retrieve
data and calculate VIS for our cohort. Other factors that
might have been of interest but were not taken into account
in our analyses were social and environmental characteristics,
such as time outdoors, availability of toys and space to play,

which have been reported to influence motor development
(33, 34). We were unable to use those since these data were
not collected in the past. However, taking into account the
sociodemographic background of the participants (ISCED level
mother, Table1) and the policy of the Dutch government
to stimulate sports and swimming classes for low income
families, we think that this may not have had an important
role. Moreover, we did not investigate cognitive competence
and school achievement in this study. Yet, our group has
previously studied neurocognitive outcome in school-aged CDH-
survivors with and without ECMO, and found problems on
several neurocognitive domains. Therefore, persisting problems
on several neurodevelopmental domains, such as motor and
cognitive function, warrant further evaluation regarding the
growing into deficit theory (32).

The strengths of our study can be found in the relatively
large cohort with a follow up of 12 years, and the fact that 86%
of the eligible candidates actually participated in our follow-
up. We found no evidence for selection bias, since the baseline
characteristics between the non-participants and participants did
not significantly differ.

CONCLUSION

In conclusion, children born with CDH are at risk for motor
function impairment at the age of five, and impairment may
persist up till 12 years of age in those who were treated with
ECMO. Length of hospital stay appeared to be an independent
risk factor for impaired motor function. Early recognition
of motor problems and timely referral to pediatric physical
therapists could help prevent worsening. A clinical implication
of our findings is that motor function should be monitored
up to five years of age in all CDH-survivors. The decision to
extend follow up until adolescence should take both need for
ECMO-treatment and prolonged hospital stay into account.
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Congenital diaphragmatic hernia (CDH) is a life-threatening birth defect that presents
as either an isolated diaphragm defect or as part of a complex disorder with a wide
array of anomalies (complex CDH). Some patients with complex CDH display distinct
craniofacial anomalies such as craniofrontonasal dysplasia or craniosynostosis, defined
by the premature closure of cranial sutures. Using clinical whole exome sequencing
(WES), we found a BCL77B missense variant in a patient with a left-sided congenital
diaphragmatic hernia as well as sagittal suture craniosynostosis. We applied targeted
sequencing of BCL71B in patients with craniosynostosis or with a combination of
craniosynostosis and CDH. This resulted in three additional BCL 7 1B missense mutations
in patients with craniosynostosis. The phenotype of the patient with both CDH as well
as craniosynostosis was similar to the phenotype of previously reported patients with
BCL11B missense mutations. Although these findings imply that both craniosynostosis
as well as CDH may be associated with BCL 718 mutations, further studies are required
to establish whether BCL 17178 variants are causative mutations for both conditions or if
our finding was coincidental.

Keywords: case report, craniosynostosis, congenital diaphragmatic hernia (CDH), BCL11B, craniosynostosis
syndromes

INTRODUCTION

The genetic etiology of congenital diaphragmatic hernia (CDH) is complex. Structural variants,
small and large insertions or deletions and single-nucleotide variants (SN'Vs) in over a 100 genes
have been associated with CDH (1). Only a few of these genes are mutated recurrently in multiple
individuals and even then the phenotype can differ largely due to incomplete penetrance. CDH
has a prevalence of 2.3-2.7 per 10.000 live births (2-4) and can present as isolated CDH or
in association with additional congenital anomalies (non-isolated CDH or complex CDH), as
seen in ~40 (5) to 49% (6) of the cases. Complex CDH may present as part of a recognizable
genetic syndrome, chromosome abnormality, or a collection of major congenital malformations.
One of the less common malformations in patients with CDH are craniofacial anomalies and in
particular craniosynostosis.
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Although less common in syndromes associated with complex
CDH, several studies have described syndromes such as Apert’s
syndrome and Craniofrontonasal syndrome, that include both
CDH as well as craniosynostosis as cardinal or relatively common
features (7-22). Craniosynostosis, a developmental disorder
defined by the premature fusion of one or more sutures, has a
prevalence of 7.2 per 10,000 live births (23). It can be divided into
non-syndromic and syndromic craniosynostosis, with syndromic
craniosynostosis being characterized by additional congenital
anomalies, such as limb anomalies and neurodevelopmental
delays (24, 25). As part of our standard clinical care, all patients
diagnosed with craniosynostosis are offered targeted genetic
analysis (26). In a female patient with both CDH as well as
craniosynostosis, we observed a genetic variant of the B cell
leukemia 11b gene (BCLI11B; OMIM 606558) resulting in an
amino acid change at position 667 [p.(Gly667Glu)].

Searching the literature for BCL11B mutations we found
several case reports. First, a case report described a male
patient with a heterozygous de novo missense BCLI1IB
mutation (p.Asn441Lys), who presented with severe combined
immunodeficiency as well as neurological, dermal and facial
dysmorphisms including hypertelorism, short palpebral fissures
and micrognathia (27). Second, a study reported on 13 patients
with heterozygous germline mutations in BCLIIB (28).
Most of these patients presented with neurodevelopmental
disorders and immunodeficiency with reduced type 2 innate
lymphoid cell and were carriers of loss of function mutations
in BCL11B. However, in the most severely affected patient
(patient EII-I) a missense BCL11B mutation p.(Asn807Lys)
was found. This patient had a similar phenotype as compared
to the first patient described by Punwani et al. (27) including
a myopathic facial appearance, hypertelorism and small
palpebral fissures. Neither study reported on the presence
of craniosynostosis or CDH although craniofacial anomalies
were described for patient EII-I and are apparent for the
patient described by Punwani et al. (27). However, we
previously discovered a de novo BCLIIB missense mutation
in exon 1 which encodes for [p.(Arg3Ser)] in a male patient
with unilateral coronal suture craniosynostosis (29). In
addition, a de novo BCLI1B missense mutation in exon 4
[p.(Arg350Cys)] was reported in a patient who presented
with CDH, an abnormal optic nerve, increased intraocular
pressure and scoliosis (30). These findings suggest that both
craniosynostosis as well as CDH may be associated with BCL11B
missense mutations.

For this report, we selected patients who had undergone
genetic testing with craniosynostosis or combined CDH and
craniosynostosis from the Erasmus MC- Sophia Children’s
hospital. This search resulted in three additional BCLI1I1B
missense variants. In this report we present the clinical
reports of these four new patients with BCLIIB variants
and a brief review of disorders that are characterized by
both CDH as well as craniosynostosis. Informed consent
to publish case descriptions and images was obtained
from patients, and/or their parents if applicable. All
genetic information is provided according to the HGNC
guidelines (31).

CLINICAL REPORTS

Patient A

Patient A [NM_138576.3(BCL11B):c.2000G> A, p.(Gly667Glu)],
a 30 year old female, is the third child of healthy non-
consanguineous parents, born at 41 weeks of gestation with
a birth weight of ~2,200g, following an uncomplicated
pregnancy. Shortly after birth, the patient developed severe
respiratory insufficiency, resulting in apnea and asystole. After
resuscitation, the patient was transferred to our tertiary
care center. She presented with left-sided CDH, resulting in
respiratory insufficiency and pulmonary hypertension, for which
she underwent surgery the second day after birth. She was
weaned off respiratory support after 2 weeks. She showed
several dysmorphic features including, slight ocular proptosis,
hypertelorism, down slanting palpebral fissures, ptosis, arched
eyebrows, and syndactyly of the second and third toes of both
feet (Figures 1A-C). In addition, she suffered from feeding
difficulties and gastroesophageal reflux due to pyloric stenosis,
which was surgically corrected at the age of 2 months. She
remained hypotonic and developed psychomotor delays during
the first year of life. At the age of 11 months she was
diagnosed with progressive sagittal suture craniosynostosis, for
which she underwent surgery at the ages of 14 and 16 months.
During surgery part of the calvarium looked abnormal and
was sent for pathological investigation, revealing a capillary and
cavernous hemangioma. She developed divergent strabismus,
latent nystagmus, hypermetropia and astigmatism, and suffered
from recurrent episodes of pneumonia, sinusitis and rhinitis. She
showed no signs of severe cognitive impairment.

Patient B

Patient B [NM_138576.3(BCL11B): ¢.1744G> A, p.(Gly582Ser)],
a 16 year old male, is the second child of unaffected non-
consanguineous parents. He was born at 40 weeks of gestation,
with a birth weight of 3,710 g. He presented with craniosynostosis
of the sagittal suture and both lambdoid sutures, for which he
underwent surgery at the age of 6 months. In addition, he suffered
from an incomplete left-sided unilateral cleft lip including the
alveolar arch, which was surgically corrected in three stages
(at the ages of 6 months, 6, and 11 years). He showed several
dysmorphic features, including frontal bossing, down-slanting
palpebral fissures, hypotelorism, mild webbing of the neck,
and hyperpigmentation on the left shoulder (Figures 1D-I).
Magnetic Resonance Imaging (MRI) of the brain at the age
of 8 years showed a Chiari I malformation. Ophthalmological
assessment revealed astigmatism and myopia. He developed a
proportionate short stature of —2.5 to 2 SD with delayed bone
age, for which puberty was postponed using leuprorelin and
letrozole. He had no neurodevelopmental delays. Motor and
speech development were within normal range although he
required speech therapy and physical therapy. He developed
Kawasaki disease at the age of 7 years, which responded well
to intravenous immunoglobulins. At the age of 16 years he
underwent a second cranial vault surgery including biparietal
expansion and occipital decompression. He did not suffer from
frequent infections.

Frontiers in Pediatrics | www.frontiersin.org

32

November 2021 | Volume 9 | Article 772800


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Gaillard et al.

Congenital Diaphragmatic Hernia and Craniosynostosis

FIGURE 1 | Clinical features. Photos published with consent. (A=C)
Pre-operative features of patient A at the age of 14 months. Historic
(Continued)

FIGURE 1 | pre-operative radiological imaging could not be retrieved of the
CDH and craniosynostosis. (D-l) Pre-operative features and 3DCT-scan
imaging of patient B at the age of 1 and 6 months, respectively. (J-L)
Pre-operative features of patient C at the age of 12 months. Historic
pre-operative radiological imaging of the craniosynostosis could not be
retrieved. (M-R) Pre-operative features and 3DCT-scan imaging of patient D at
the age of 2 months.

Patient C

Patient C [NM_138576.3(BCL11B):c.2018C>G, p.(Pro673Arg)],
a 30 year old female, is the child of non-consanguineous
phenotypically normal parents. A sibling and paternal half-
sibling are both healthy. She presented with left-sided unicoronal
craniosynostosis, for which she underwent surgery at the age
of 14 months. She developed no neurodevelopmental delays
and did not suffer from recurrent infections to our knowledge,
although the cranial vault operation was postponed twice due
to upper airway infections. She required glasses from the age of
8 years onwards. She did not display any evident dysmorphic
features with the exception of mild vertical orbital dystopia
(Figures 1J-L).

Patient D

Patient D [NM_138576.3(BCL11B):c.1265C>T, p.(Pro422Leu)],
a 2 year old male, is the second child of unaffected non-
consanguineous parents. In addition, the patient has two
unaffected paternal half-siblings. He was born with a birth
weight of 4,230 g at 41.3 weeks of gestation. He was born with
the umbilical cord wrapped around his neck but recovered
well after stimulation and did not require oxygen support. The
pregnancy was otherwise uncomplicated. He presented with
craniosynostosis of the sagittal suture at the outpatient clinic
at the age of 3 months for which he underwent spring-assisted
surgery at the age of 6 months. He had no neurodevelopmental
delays and did not suffer from recurrent infections. Dysmorphic
features were mild and included thick alae nasi and mild
retrognathia with an overbite (Figures IM-R).

OVERVIEW OF PATIENTS WITH BCL11B
MISSENSE MUTATIONS AND VARIANTS

An overview of all patients described above, including genetic
and phenotypic information of each patient can be found in
Table 1. In addition, it shows the previously described patients
with BCL1IB missense mutations. Phenotypical features vary
heavily among patients. The patient, reported by Goos et al.
(29), displayed a similar phenotype to our Patient C, with
both patients presenting with coronal suture synostosis without
neurodevelopmental delays or other severe associated features.
Patient A and patient B, are more similar to patients reported
by Punwani et al. (27) and Lessel et al. (28). They have
a more severe phenotype, presenting with a combination of
multi-sutural craniosynostosis, CDH and cleft. In an additional
study, one patient with a de novo BCLIIB missense mutation
[p.(Arg350Cys)] was reported to have presented with complex
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TABLE 1 | Case descriptions of patients with BCL11B missense variants: genetic and phenotypical features.

Patient A Patient B Patient C Patient D Goos et al. (29) Lessel et al. (28) Punwani et al. Longoni et al.
(E:lI-1) (27) (30) (T45)

Nucleotide ¢.2000G>A c.1744G>A ¢.2018C>G ¢.1265C>T c.7C>A c.2421C>G c.1323T>G c.C1048T
change*
Protein change p.(Gly667Glu) p.(Gly582Ser) p.(Pro673Arg) p.(Pro422Leu) p.(Arg3Ser) p.(Asn807Lys) p.(Asn441Lys) p.(Arg350Cys)
Exon 4 4 4 4 1 4 4 4
CADD score* 18.89 3.944 22.7 22.6 245 255 24.8 31
Type of variant Missense** Missense** Missense Missense Missense Missense Missense Missense
Mode of Maternal Paternal Maternal Maternal De novo De novo De novo De novo
inheritance
Phenotype
Gastro-Intestinal
CDH Left-sided - - - - - - +, complex
Feeding difficulties + - - - - + NR NR
Pyloric stenosis + - - - - + NR NR
Gastroesophageal + - - - - + NR NR
reflux
Skeletal
Craniosynostosis Sagittal Sagittal, lambdoid Coronal, left Sagittal Coronal, right - - NR

(bilateral)
Cognition, behavior, and motor development
Intellectual - - - - - + + NR
disability
Speech + Speech therapy - - - + + NR
impairment required
Delay in motor + Physical therapy - - - + + NR
development required
Dysmorphic features
Myopathic facial + - - - - + NR NR
appearance
Eyebrow Arched - - - Narrow - NR NR
anomalies
Small palpebral - - - - - + + NR
fissures
Hypertelorism + - - - - + + NR
Hypotelorism - + - - - - - NR
Prominent nose - Asymmetric nose - Thick alae nasi Short nose +, upturned NR NR
Long philtrum + - + - + - NR NR
Lip anomalies Full lower lip Incomplete Full lower lip - - Thin upper lip and NR NR

unilateral cleft lip
and alveolar arch

vermilion;
down-turned
corners, small
mouth
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TABLE 1 | Continued

Patient A Patient B Patient C Patient D Goos et al. (29) Lessel et al. (28) Punwani et al. Longoni et al.
(E:ll-1) (27) (30) (T45)
Ptosis + + - - - NR NR NR
Downslant of the + + -, upslant - - -, upslant NR NR
eyes
Eversion of the + + - - - NR NR NR
lower eyelids
Vertical orbital - - + - + NR NR NR
dystopia
Retrognathia - +, mild +, mild +, mild - Micrognathia Micrognathia NR
Dysmorphic features
Dermatological Eczematous skin Hirsutism - - - Severe congenital Erythematous NR
anomalies erosive dermatitis psoriaform
dermatitis
hirsutism
Ear anomalies Low-set ears Low-set ears, - - - Posteriorly rotated Ear tag NR
fleshy upturned ears
earlobes
Other Deep-set eyes Deep-set eyes Mild asymmetry of Deep-set eyes - Bitemporal Abnormal nasal NR
the eyes; deep-set hollowing, creases, loose
eyes; periorbital hypoplastic skin folds
fullness midface
Extremities
Anomalies of the Brachydactyly Short fifth digits - - - Non-congenital NR NR
hands (bilateral) (bilateral) syndactyly
Anomalies of the Syndactyly of the Syndactyly of the - - - Non-congenital NR NR
feet second and third second and third syndactyly
toes (bilateral) toes (bilateral)
Neurological
Hypotonia + - - - - + + NR
Unstable gait + - - - - + NR NR
Ophthalmological
Refractive error Hypermetropia, Myopia, + (type unknown) Not tested Hyperopia - NR NR
astigmatism astigmatism
Strabismus - - - Not tested - NR NR NR
Other Nystagmus - - - - NR NR Abnormal optic
nerve, increased
intraocular
pressure
Dental
Dental anomalies - - - Overbite - Atypical teeth Neonatal teeth NR
Immune system function
Frequent infection + - - - - Low TREC at birth No TREC at birth NR
(Continued)
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CDH (30). All cases summarized above have missense variants
in exon 4 with the exception of the patient reported by
Goos et al. (29), who had a de novo missense mutation
of exon 1.

Longoni et al
(30) (T45)

NR

Scoliosis

DISCUSSION

In this study, we present four new patients with missense
variants in BCLI1B (Patient A: p.(Gly667Glu); Patient B: p.
(Gly582Ser); Patient C: p. (Pro673Arg); Patient D: p.(Pro422Leu).
Patient A displayed both CDH as well as craniosynostosis of
the sagittal suture. The other three patients were diagnosed with
craniosynostosis without a diaphragm defect. To our knowledge,
this is the second study to report on craniosynostosis in patients
with BCLI1B mutations and the first to report on the co-
occurrence of CDH and craniosynostosis in a patient with a
missense BCL11B variant. Based on our current cohort of patients
with BCL11B missense variants, the phenotype associated with
BCL11B mutations is highly variable. Clinical features range
from isolated craniosynostosis to CDH, severe immunological
deficiencies and neurodevelopmental delays (Table 1).

BCLIIB has a key function in fetal development and is
involved in a multitude of systems and pathways (35). In line
with this, many patients with BCL11B missense mutations are
reported to suffer from a wide array of clinical anomalies (27,
28). In addition to altered craniofacial development, mutations,
mostly loss of function mutations in BCL11B, have been reported
to affect neurodevelopment as well as the development of the
immune system, skin and the teeth (27-29, 36-49). In mice
models, BCL11B is key in regulating suture patency, with a
single disrupted allele causing synostosis (36). Goos et al. further
investigated BCLIIB variants in relation to craniosynostosis
(29). A mouse model confirmed that the de novo BCLIIB
missense mutation (p.Arg3Ser) in their patient could have
a causative effect on the development of craniosynostosis.
Furthermore, they found several rare variants in a British
cohort of craniosynostosis patients. However, these variants
were dismissed as polymorphisms because of low impact or
because they were inherited from a healthy parent. The authors
suggest that only a specific subset of BCL11B mutations may
cause craniosynostosis.

Our patients inherited the BCLIIB variants from
phenotypically normal parents. This could suggest incomplete
penetrance, which may be similar to other craniosynostosis
syndromes such as TCF12 and SMAD 6-related craniosynostosis
and could potentially complicate genetic counseling (32, 50-
52). Notably, patients reported in previous BCLIIB studies
mainly were carriers of de novo mutations. Although Combined
Annotation Dependent Depletion (CADD) scores in our patients
vary, patient A, C and D are in the same range as CADD scores
of variants previously reported (27-29, 33, 34). Although a
low CADD score could potentially indicate a benign variant,
it is remarkable that four patients have now presented with
craniosynostosis bearing a missense variant in exon 4 of BCL11B.
Expression of this missense variant in blood excluded non-sense
mediated RNA decay in patients A and B. Hence a dominant

brain anomalies on
MRI (e.g., absent
corpus callosum),
umbilical hernia,
mild pulmonary

artery stenosis

spastic
quadriplegia and

bones, multiple
seizures

Punwani et al.
Wormian skull

(27
NR

Lessel et al. (28)
(E:l1-1)

obstructive sleep

Mildly dilated
aorta, severe
apnea due to
micrognathia

Goos et al. (29)
One epileptic

episode
(BCL11B): ¢.1323T>G, p.(Asn441Lys), respectively. The patient reported by Longoni et al. (30) carried a variant

NM_138576.3

Patient D

Patient C

Proportionate
short stature with
delayed bone age

Patient B
138576.3(BCL11B): ¢.2421C>G, p.(Asn807Lys), and

of BCL11B (BCL11B:NM_138576:ex0n4:c.C1048T: p.(Arg350Cys).

pression of variant verified in RNA extracted from peripheral blood lymphocyte; HDM, house dust mite, TREC, T-cell-receptor excision circle; NR, not reported; ¥, Combined Annotation Dependent

Patient A
Asthma (light),
allergy for HDM
and grass pollen
Hypothyroidism
Bicornate uterus

(BCL11B).c.7C>A, p.(Arg3Ser), NM.
M_138576; **, ex|

Description of phenotypical and genetic information regarding our patients as well as previously reported patients. The patients reported by Goos et al. (32), Lessel et al. (28), and Punwani et al. (27) carried variants

Depletion, GRCh37-V/1.6 (33, 34).

TABLE 1 | Continued
Allergy/asthma

Other features
NM_138576.3

*, According to NI

Other
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TABLE 2A | Overview of disorders characterized by co-occurrence of craniosynostosis and congenital diaphragmatic hernia.

Clinical disorders with autosomal dominant inheritance pattern

Gene Phenotype Chromosome CS* CDH* Key clinical features Authors
(MIM number) MIM number reporting on
CDH and/or CS
Apert syndrome FGFR2 101200 10026.13 Key feature, Rare — Symmetric syndactyly of hands and feet Kaur 2019
(176943) multisutural, (six cases of CDH and — Midface hypoplasia Dap 2019
progressive one case of diaphragm Kosinski 2016
agenesis) Sobaih 2015
Bulfamante
2011
Wallis-Crespo
2004
Witters 2000
Kabuki syndrome KMT2D 147920 12013.12 Occasional Relatively common — Characteristic facial features: long palpebral fissures, Scott 2021
(focus on type 1) (602113) everted lower eyelids, ptosis, arched eyebrows, blue Topa 2017
sclera, cupped ears, micrognathia Martinez-Lopez
— Short stature, microcephaly 2010
— Intellectual disability (mild to moderate) David 2004
— High/cleft palate and dental anomalies Genevieve 2004
— Brachydactyly, clinodactyly, persistent fetal pads Van Haelst 2000
— Cardiac anomalies
CEBALID** MN1 618774 22q12.1 Reported in three Reported in two — Characteristic facial features: midface hypoplasia, Mak 2020
syndrome (1566100) patients out of 25 patients out of 25 downslanting palpebral fissures, hypertelorism,
(MN1 C-terminal identified patients identified patients exophthalmia, low-set ears, a short upturned nose
truncation identified to date identified to date — Intellectual disability, hypotonia, delay in motor
syndrome) development
— Hearing loss
— Structural brain anomalies
Chromosome - 145410; 22q11.2 Rare feature Rare feature — Highly variable phenotype (ranging from minor abnormities Unolt 2020,
22q11.2 deletion 188400; (may include CDC45 to major structural defects) 2017
syndrome 192430; pathogenic variant in — Cardiovascular anomalies McDonal-
600594; remaining allele — Cleft palate McGinn
601279; — Cognitive impairment 2005
601755; — Short stature
602054; — Characteristic facial features: hypoplastic nasal alae, wide
609030 nasal bridge, short palpebral fissures,
low-set, small ears
— Nasal speech
SPECC1L- related SPECC1L 145410 22911.23 Occasional Occasional occurrence — Characteristic facial features: hypertelorism, a wide, short Wild 2020
syndromes (614140) 145420 nose, ptosis and retrognathia Bhoj 2019
600251 — Cleft lip/palate Kruszka 2015
— Clinical features include branchial fistulas, omphalocele, Robin 1995
genitourinary anomalies
(Continued)
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TABLE 2A | Continued

Clinical disorders with autosomal dominant inheritance pattern

Gene Phenotype Chromosome CS* CDH* Key clinical features Authors
(MIM number) MIM number reporting on
CDH and/or CS
7911. 238 - 609757 7911.23 Rare Rare — Variable expression, with incomplete penetrance Morris 2015
Duplication — Characteristic facial features: prominent forehead, Van der Aa 2009
syndrome hypertelorism, high and broad nose, straight eyebrows, Torniero 2008
and thin lips Kriek 2006
— Cognitive impairment and intellectual disability
— Epilepsy
X-Linked
Craniofrontonasal EFNB1 304110 Xq13.1 Common feature, often Relatively common/ — More severe phenotype in females Hogue 2010
syndrome (XLD) (300035) either unilateral or occasional — Characteristic facial features: hypertelorism, craniofacial Kawamoto 2007
bilateral coronal CS asymmetry, webbed neck, bifid tip of the nose, a broad Vasudevan 2006
nasal bridge Twigg 2004 &
— Clinodactyly of > 1 digit 2006
— Longitudinal splitting/ridging of nails Brooks 2002
McGaughran
2002
Hurst 1988
Morris 1987
Cornelia de Lange NIPBL 122470 5p13.2 Described for NIPBL Key feature — Characteristic facial features: thick, arched eyebrows or Desai 2021
syndrome (608667, AD) 300590 Xp11.22 variant; and for SMCA1 synophrys, long/smooth philtrum, short nose, thin upper Xu 2018
SMC1A vermillion Gupta 2020
(300040, — Limb defects
XLD) — Intellectual disability
— Growth retardation
— Hirsutism
Simpson-Golabi- GPC3 312870 Xq26.2 3 case reports Occasional — Characteristic facial features: hypertelorism, downslanting Schirwani 2019
Behmel syndrome,  (300037) palpebral fissures Villarreal 2013

Type 1
XLR)

Cleft palate/lip.

Overgrowth and macrocephaly
Intellectual disability

Cardiac anomalies

Renal abnormality

Brachy-, syn-, and polydactyly

Li 2009

This table presents an overview of clinical disorders in which both craniosynostosis and congenital diaphragmatic hernia have been reported more than once. "CS, craniosynostosis; * CDH, congenital diaphragmatic hernia; ™ CEBALID,
craniofacial defects, dysmorphic ears, structural brain abnormalities, expressive language delay, and impaired intellectual development; XLD, X-linked dominant; XLR, X-linked recessive.
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TABLE 2B | Isolated case reports on the co-occurrence of craniosynostosis and congenital diaphragmatic hernia.

Gene Phenotype Chromosome CS* CDH* Key clinical features Authors
(MIM number) MIM number reporting on
CDH and/or CS
Saethre -Chotzen TWIST1 101400 7p21.1 Key feature, often One case, unclear if — Characteristic facial features: ptosis, downward slanting Piard 2012
(601622) bicoronal CS co-occurrence of CDH palpebral fissure, depressed nasal bridge, facial asymmetry
is coincidental. Mouse — Small ears with prominent crus
models suggest a — Syndactyly of hand and feet
possible role for
TWISTT in
development of the
diaphragm
Chromosome 9p - 168170 9p Key feature: metopic One case described for - Characteristic facial features: hypotelorism, upslanting Alfi 1973
deletion syndrome CS 9p deletion syndrome palpebral fissures, low-set ears, malformed ears, long
philtrum
— Moderate to severe intellectual disability
15024 deletion - 613406 15024.2 1 case report Four reports — Characteristic facial features: high forehead, facial Ng 2011
syndrome asymmetry, downslanting of eyes, hypertelorism, and a Van Esch 2009
long smooth philtrum, ear malformations Sharp 2007
— Intellectual disability Bettelheim 1998
— Genitourinary anomalies
— Cardiovascular malformations
DPF2-related DPF2 618027 11g12.1 At least two out of a One patient described — Cognitive impairment, intellectual disability, and behavioral Knapp 2019
Coffin-Siris (601671) total of 10 reported out of a total of 10 problems Vasileiou 2018
syndrome patients reported patients. - Feeding problems and hypotonia
(one patient was stated — Hearing loss
to have trigonocephaly — Brachydactyly, clinodactyly, hypoplastic nails
but no x-ray was — Coarse facial features
performed) b
- DSC2 - One report of a patient One report of a patient Isolated case: presented with left atrial isomerism, transposed Das 2019
(125645) with multisutural CS with multisutural CS systemic and pulmonary veins, intestinal malrotation, bilateral
and CDH and CDH inguinal hernia, hydronephrosis and nephrolithiasis in addition
to CDH and CS
Loeys-Dietz TGFBR1 609192 9022.33 Multiple cases reported One report — Aortic and arterial aneurysms Lobaton 2021
syndrome (190181) 610168 3p24.1 — Characterstic facial features: hypertelorism, downslant of Loeys 2005
TGFBR2 the eyes
(190182) — Cleft palate, bifid uvula
— Pectus anomalies
— Arachnodactyly
Gain of function of RARB One report of a patient Multiple patients with Thirteen cases have been reported in total. Clinical features Srour 2016

RARB

with CS

diaphragmatic hernia

include microphthalmia and anophthalmia, sclerocornea, and
coloboma, as well as cardiac anomalies, and malrotation of
the bowel

"CS, craniosynostosis; #* CDH, congenital diaphragmatic hernia.
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negative effect or an altered function of the mutated protein
could be an explanation of the more severe phenotype.

To our knowledge, only one previous study reported on
a patient with a CDH with a BCLIIB missense mutation
[p.(Arg350Cys); CADD score: 31] (30). We now report on
a second patient with a BCLI1B missense variant in exon
4 with CDH. Although further studies remain necessary to
assess if BCL11B is a causative factor in this CDH phenotype
the fact that BCLIIB is involved in pathways that overlap
with pathways that have been previously linked to CDH
support this observation. BCLIIB likely interacts with a CDH
causative gene (NR2F2) as well as with other CDH candidate
genes (CREBBP, EP300, CHD4) (1, 53). The genetic etiologies
of both CDH and craniosynostosis are highly complex and
definitive genetic pathways remain to be further elucidated.
Although the combination of CDH and craniosynostosis is
rare, the fact that multiple syndromes are associated with
both craniosynostosis and CDH suggests a possible overlap
between craniosynostosis and CDH pathways. For instance,
NR2F2, a causative CDH gene with which BCL1IB has been
shown to interact (54, 55), appears to have a function in
mesenchymal cell differentiation in embryogenesis including
a regulatory function in myogenesis, chondrogenesis, and
osteogenesis (56). These processes are disturbed in CDH and
craniosynostosis. NR2F2 also regulates Runx2, which has been
reported to be overexpressed in some types of craniosynostosis,
and has a function in the retinoic acid signaling pathway
regulation, which is key in the development of CDH (1, 56-
61). Further studies are needed to establish definitive CDH
and craniosynostosis pathways and to assess if these pathways
are interlinked.

The phenotype of our patients is similar to previously reported
clinical phenotypes of patients with BCL11B missense mutations,
which included craniosynostosis and CDH (6, 27, 28). Therefore,
it is implied that both CDH and craniosynostosis may be
features associated with BCLIIB missense mutations. Further
functional studies are required to assess if these variants are
coincidental findings or if they indeed have a causative effect on
craniosynostosis and CDH.

Patients with missense mutations in BCLI11B appear to be
affected more severely than patients with loss of function or
other types of BCLI1B mutations (28). In a previous study, the
most severely affected patient carried a missense mutation in
a zinc-finger domain in exon 4 (patient EII-I, Table1) (28).
BCL11B encodes for a zing finger protein transcription factor
and function both as a transcriptional activator as well as a
repressor (35, 62). Lessel et al. hypothesized that these missense
mutations may not only lead to a loss of DNA binding but
also to novel DNA binding sites in other genes (28). Similar
observations were made in a previous study, which demonstrated
that a mutation p.(Asn441Lys) led to both decreased binding of
BCLI11B to original target DNA sites as well as to the promotion
of novel target DNA binding sites (27). We hypothesize that also
these BCL11B missense variants may either have a dominant
negative effect or induce new target genes, thereby causing a
more severe phenotype in patients with these missense variants
/mutations as compared to eg loss of function type of mutations.

Future studies should further examine the in vivo effect of
these specific BCL11B mutations in animal models to establish
if the described variants are indeed disease causing mutants or
coincidental findings, as shown by Goos et al. for the mutation in
their patient (29).

Although we are the first to report on the co-occurrence of
CDH and craniosynostosis in a patient with a BCL11B missense
mutation, the co-occurrence of CDH and craniosynostosis
has been described previously for several syndromes, such
as Aperts syndrome and craniofrontonasal syndrome
(7-22). Craniosynostosis syndromes comprise ~30% of all
craniosynostosis cases (63). Syndromic craniosynostosis is
highly heterogeneous and is often associated with extracranial
anomalies, including neurologic, limb, ophthalmologic and
cardiac anomalies. Most craniosynostosis syndromes have
an autosomal dominant inheritance pattern, although many
cases arise from de novo mutations (32, 64). We conducted a
literature search to identify which craniosynostosis syndromes
are associated with CDH. We found nine syndromes to include
both CDH as well as craniosynostosis as an associated feature,
based on searches in OMIM, Medline, Science Direct and a
gray literature search in Google Scholar. Table 2A summarizes
the genetic anomalies as well as the main features of each
syndrome reported to include both craniosynostosis as well as
CDH. In addition, we found seven isolated case reports that
describe patients presenting with both craniosynostosis as well
as CDH, which are shown in Table 2B. The supplemental
information includes Table2 with a full reference list.
Although CDH appears to be a rare feature in craniosynostosis
syndromes, craniosynostosis is often treatable with surgical
intervention and has high survival rates. In contrast, CDH is
a potentially lethal disorder and is associated strongly with
poor long-term clinical outcome (66-68). Awareness of this
rare feature in craniosynostosis syndromes therefore is key.

CONCLUSION

This report implies that both CDH as well as craniosynostosis
are features of BCL11B missense mutations. However, further
studies are required to establish if BCL11B missense mutations
are indeed a causative factor or if our finding was coincidental.
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Congenital diaphragmatic hernia (CDH) is a structural birth defect characterized by
a diaphragmatic defect, lung hypoplasia and structural vascular defects. In spite of
recent developments, the pathogenesis of CDH is still poorly understood. CDH is a
complex congenital disorder with multifactorial etiology consisting of genetic, cellular
and mechanical factors. This review explores the cellular origin of CDH pathogenesis in
the diaphragm and lungs and describes recent developments in basic and translational
CDH research.

Keywords: congenital diaphragmatic hernia (CDH), diaphragm, pleuroperitoneal folds, perivascular cells,
mesothelium

INTRODUCTION

In the past 25 years, the general mortality rate of CDH has decreased to approximately 25%, but
the mortality rate remained 50% in patients who receive extracorporeal membrane oxygenation
(ECMO) (1, 2). In a recent study, CDH patients were categorized pre-ECMO in a low-risk,
moderate-risk or high-risk cohort by their risk score (RS) for mortality, which is based on multiple
risk factors, like location of the hernia and weight before ECMO (1). Change in individual
likelihood of death overtime was different for each cohort: it was increased in the low risk
group, decreased in the moderate risk group and unchanged in the high-risk group. Although
the average survival of CDH patients increased in the past decades as a result of advancements
in prenatal diagnosis, CDH pathogenesis remains still poorly understood. The main reason is that
CDH is a complex congenital disorder with multifactorial etiology including genetic, cellular and
environmental factors (3-5). In this review, we will discuss different tissues and cell types that
are implicated in CDH pathogenesis and review recent developments in basic and translational
research in CDH.

DIAPHRAGM/PPF

The diaphragm is an essential muscle that is critical for proper respiration and forms a barrier
between the thoracic and abdominal cavities (6). The diaphragm develops from multiple embryonic
sources. Of primary importance are the pleuroperitoneal folds (PPFs). The PPFs are paired
transient pyramidal-shaped structures located between the thoracic (pleural) and abdominal
(peritoneal) cavities. The PPFs expand dorsally and ventrally across the cranial surface of the liver
to give rise to the diaphragm’s muscle connective tissue and central tendon (7-9). The somites,
segmental structures lying adjacent to the neural tube, are the source of the diaphragm muscle.
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Muscle progenitors emigrate from the cervical somites to the
nascent PPFs and as the PPFs expand, the progenitors migrate
and fuse into the radial array of costal myofibers (7-11). In
addition, the diaphragm is innervated by nerves that arise from
the C3-C5 segments of the neural tube and it is vascularized by
endothelial cells derived from the somites and likely splanchnic
lateral plate mesoderm (8-10).

The PPFs are essential for the morphogenesis of the
diaphragm and defects in the PPFs lead to CDH. Experiments
in mice genetically tracking the development of the PPFs
have established that the expansion of the PPFs drives the
overall morphogenesis of the diaphragm and guide diaphragm
muscle development (7). Defects in the development of the
PPFs are a significant source of CDH. Most CDH-implicated
genes that have been examined are expressed in the PPF
cells (7, 12-15). Mutations in CDH-implicated genes can lead
to the incomplete expansion of the PPFs and thus lead to
incompletely developed diaphragms that allow herniation of
abdominal contents into thoracic cavity [e.g., (16)]. Alternatively,
PPFs harboring mutations may be unable to signal to muscle
progenitors [e.g., (7)], leading to defective progenitor migration
to the PPFs, increased apoptosis, and/or decreased proliferation
or differentiation into myofibers. In such scenarios, defects
in the PPF cells lead to cell non-autonomous effects on
neighboring muscle, resulting in weaker muscleless regions
that allow herniation (7). To date, all evidence suggests that
CDH arises from primary defects in the PPFs by either
defective generation/migration of cell populations or impaired
muscularization of the diaphragm, with little evidence to support
a primary role for defects in muscle cells.

LUNG MESOTHELIUM

Pulmonary hypoplasia is another characteristic of CDH.
Although a lower amount of alveolar type I cells have been
identified in nitrofen-induced CDH (17, 18), the tissue that
is primarily defective in CDH-associated hypoplasia is not yet
clear. A potential cellular source in CDH pathogenesis is the
lung mesothelium, which contributes to different cell populations
in the lung and is important for proper mesenchymal growth.
The pleural mesothelium is a monolayer of cells that forms
a lining around the lungs and is derived from the embryonic
mesoderm (19). Although mesothelial cells are mesenchymal
in origin, they have epithelial characteristics (20). During
development, pulmonary mesothelial cells (PMCs) undergo
epithelial-mesenchymal transition and differentiate to contribute
to different cell populations in the pulmonary mesenchyme
under the influence of active hedgehog signaling (21).

Several studies reported conflicting data to what extent
the embryonic mesothelium contributes to the pulmonary
mesenchyme. These studies employed different Wilm’s tumor 1
(Wt1)-dependent driver lines, which is a gene encoding a zinc
finger transcription factor expressed in mesothelial cells and
diaphragm and that is associated with CDH (22). WtI-dependent
lines were used to trace WT1" mesothelial cells and analyzed
the fate of the progeny at several time points, which most likely

explains the variation in their results. Que et al. (23) reported
that WT1" lung mesothelial cells contribute to vascular smooth
muscle cells (SMCs) and to alveoli, which were potentially
interstitial fibroblasts, alveolar myofibroblasts or endothelial
cells. Dixit et al. chose a conditional strategy to lineage trace
Wt1-expressing mesothelial cells and reported contribution of
PMCs to vascular and bronchial smooth muscle cells, as well
as fibroblasts (21). Cano et al. (24) focused on the contribution
of PMCs to different lung cell types during embryonic lung
development and observed contribution to a wider range of cell
types including endothelial cells, airway and vascular smooth
muscle cells, pulmonary cartilage and fibroblasts. Lastly, Von
Gise et al. (25) found that labeling WT1% cells at E10.5 resulted
in a small contribution to bronchial- and vascular smooth
muscle cells, while the majority differentiated into PDGFRa™" -
fibroblasts or PDGFRB'/NG2"-pericytes. Von Gise et al. (25)
also showed that only fetal and not postnatal PMCs are capable of
differentiating into pulmonary mesenchymal cell types. Postnatal
PMCs remain in the mesothelial lining and do not migrate out
or differentiate into other cell types. As such, postnatal PMCs do
not seem to contribute to the lung parenchyma during normal
lung homeostasis or after injury (25). In conclusion, mesothelial
cells contribute to the bronchial- and vascular smooth muscle cell
population as well as to fibroblasts and pericytes and that this
only occurs during embryonic development and not postnatally
(21, 25).

Besides being a progenitor source during lung development,
the mesothelium also acts as a signaling source. One important
pathway during development of the lungs is the FGF signaling
pathway, in which FGF9 and FGF10 are essential (26).
FGFI10 is expressed in the lung mesenchyme, while FGF9 is
expressed in the mesothelium and epithelium, signaling to the
submesothelial- and subepithelial mesenchyme, respectively (27,
28). Mesothelial- and epithelial-produced FGFs have a different
function: mesothelial-derived FGF9 is mainly responsible for
mesenchymal growth by maintaining mesenchymal FGEF-
WNT/B-catenin signaling, whereas epithelial-derived FGF9
influences epithelial branching (29). One study reported reduced
pulmonary FGF9 expression in the nitrofen-induced CDH rat
model (30). However, recombinant co-cultures of fibroblasts and
epithelial cells of nitrofen-treated- and control rats showed that
not epithelial cells, but fibroblasts, are defective in nitrofen-
induced hypoplastic lungs, showing decreased apoptosis and
increased proliferation (31). Since the mesothelium is a source
for mesenchymal fibroblasts (21, 23-25) and expresses FGF9 for
the regulation of mesenchymal growth (29), the mesothelium is a
potential source for CDH-associated lung hypoplasia.

Cano et al. (24) showed that homozygous WtI knock-
out (WtI=/~) mice had a CDH-like phenotype, abnormally
fused lung lobes and reduced immunoreactivity for FGF9 in
the pulmonary mesenchyme and mesothelium. A recent study
reported similar findings and also reported an aberrant lung
branching architecture already before closure of the diaphragm,
when WTTI is expressed (32). When Wt1—/~ lungs were cultured
ex vivo, lung branching was normal and any hypoplasia that
had originated in vivo, was restored within 24h ex vivo
(32). Additional analyses showed that the space in the chest
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cavity—that is usually present for the lungs to grow—was nearly
absent, explaining why culturing the lungs ex vivo without
physical constraints recovered branching (32). Aberrant WT1
expression in the lung mesothelium results in defective lung
development and CDH as result of limited space in the chest
cavity and potentially by defective signaling and migration of
mesothelial cells.

In summary, the mesothelium acts as a progenitor source
and signaling center for the pulmonary mesenchyme to facilitate
proper mesenchymal growth and cellular differentiation. These
results associate the lung mesothelium as a cellular contributor
to CDH.

(PERI)VASCULAR CELLS

Besides a diaphragmatic defect and pulmonary hypoplasia,
almost all CDH patients have pulmonary hypertension (33, 34),
which is caused by an altered development of the pulmonary
vasculature and pulmonary vascular remodeling (35). Changes
in cell phenotypes, cellular proliferation and defective cell-cell
communication have been proposed as underlying causes.

Previously, it was shown that CDH patients have higher
abundance of contractile vascular SMCs, which were also more
distributed along the proximo-distal axis of the lung vasculature
(36). Although inhaled nitric oxide treatment is a successful
treatment for preterm babies, it is only effective in a small number
of CDH patients and even only beneficial in certain subsets
of CDH patients (37). The pathological changes in vascular
SMCs indicate a disturbed pulmonary vascular development
and might explain the ineffectiveness of inhaled nitric oxide
treatment in CDH patients. Another study by Acker et al. (38)
showed increased proliferation of pulmonary arterial SMCs and
pulmonary arterial SMC hyperplasia in a surgical CDH lamb
model. This was not caused by an altered SMC phenotype, but
by a disturbed interaction with pulmonary arterial endothelial
cells (PAECs), indicating that defective endothelial signaling
contributed to SMC hyperplasia and may therefore result in
pulmonary hypertension (38). In the nitrofen-induced CDH
mouse model, Kool et al. (39) observed an increased pericyte
coverage in the large pulmonary vessels and pericytes had a more
contractile phenotype. Furthermore, the basement membrane
around the midsized vessels was discontinuous, indicating
defective cross-talk between pericytes and endothelial cells (39).
The impaired cross-talk between those two cell types and the
altered pericyte phenotype may be the origin of pulmonary
hypertension in CDH.

CDH patients show a decreased vascular growth that
contributes to poor disease outcomes. Acker et al. (40) showed
in the surgical CDH lamb model reduced proliferation and
tube formation capacity of PAECs. They also found a marked
reduction in high-proliferative PAECs, which is a progenitor
subpopulation of endothelial cells (41, 42). A reduced capillary
network was also observed by Kool et al. (39) in the nitrofen-
induced CDH mouse model. These results suggest that reduced
proliferation of endothelial cells contributes to the decreased
vascular growth in CDH patients.

Altogether, several cell types may disturb the lung vascular
network, leading to CDH-associated phenotypes. Abnormal
phenotypes of endothelial cells, SMCs and pericytes and defective
interactions between them may be the basis for the simplified
vascular network and pulmonary hypertension in CDH.

CELLULAR MODELS IN CDH RESEARCH

CDH cannot be attributed to one single source or defect,
which makes it hard to study its pathogenesis, but new cell
culture models can aid in improving insights at the cellular
level. Recently, a cell culture model was described where PPFs
from mice were isolated and cultured to outgrow and expand
PPF fibroblasts, that maintained expression of key diaphragm
genes (43). Pharmacological inhibition or genetic manipulation
that causes CDH resulted in reduced in vitro proliferation in
PPF-derived fibroblasts (43). Also, lung organoids were recently
derived from induced pluripotent stem cells (iPSC) from fetuses
and infants with CDH and showed reduced generation of
lung progenitor cells and impaired epithelial- and mesenchymal
differentiation (44). Recently, it was shown that organoid cultures
can be obtained with a low input material from clinical samples,
like tracheal aspirates from preterm newborns, and this method
could also be used to grow organoids from CDH patients without
the need of in vitro differentiation from iPSCs (45). Furthermore,
endothelial cell culture models could aid in understanding
defective endothelial cell function (40) and endothelial cell-SMC
interaction (38). A differentiation protocol from human iPSCs
to endothelial progenitor cells that mimics in vivo embryonic
vascular development was recently published (42). This method
can be used to generate iPSC-derived endothelial cells from CDH
patients to eventually use these cells in cell co-culture systems,
like organoid cultures. Although CDH is a multifactorial disease,
in vivo experiments are limited and these kind of culture models
will help to understand the pathology of CDH by specific cells,
the interaction between different cell types and the molecular
mechanisms in patient specific cultures.

DISCUSSION

In this review, we discussed cellular origins that are associated
with CDH pathogenesis, including the diaphragm and PPF, lung
mesothelium and (peri)vascular cells. All can contribute to a
CDH phenotype, but also extrinsic factors play a role. Because
pulmonary defects and alterations in the space of the chest cavity
occurred prior to diaphragm closure and may even be the cause
of a diaphragm defect (32), it is interesting to study the space in
the chest cavity in other CDH models and potentially in human
fetuses to serve as an early predictor for CDH. To mimic limited
chest space and compression, lung organoids have been subjected
to mechanical pressure, which altered their development (44).
These results show that extrinsic factors play a significant role
in CDH pathogenesis and the influence of limited space and
compression should be studied further, since Wt1 knock-out
lungs still had the capacity to develop normally ex vivo, which
is promising for potential treatment strategies (32).
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Intrapleural delivery of compounds has been suggested to
target PMCs in idiopathic pulmonary fibrosis, since this may
result in increased efficacy combined with reduced systemic
toxicity of therapeutic agents (19, 46). This delivery strategy may
also be interesting for targeting PMCs during lung development.
Mesothelial mobilization is not only implicated in development
of the lungs, but also in other organs, like the liver, heart and
reproductive system (47). However, it has been shown that this
process can differ between different organs and that mesothelial
migration in developing lungs differs in timing and pathway
dependency compared to other organs, like the heart (48). These
features could be used for organ-specific targeting and makes the
embryonic mesothelium an interesting therapeutic target.

In summary, defective development, communication or
migration of cells from the diaphragm, the mesothelium and
(peri)vascular cells of the lungs play an important role in CDH
pathogenesis. Improved in vitro cell culture models and the
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Clinical research for infants born with a congenital diaphragmatic hernia (CDH) has until
recently mainly focused on advances in prenatal and postnatal treatment. However,
during the early perinatal transition period there are major physiological adaptations.
For most infants these changes will happen uneventfully, but for CDH infants this marks
the beginning of serious respiratory complications. In recent years, there is emerging
evidence that the clinical management during the perinatal stabilization period in the
delivery room may influence postnatal outcomes. Herein, we discuss major knowledge
gaps and novel concepts that aim to optimize fetal to neonatal transition for infants with
CDH. One such novel and interesting approach is performing resuscitation with an intact
umbilical cord, the efficacy of this procedure is currently being investigated in several
clinical trials. Furthermore, close evaluation of neonatal physiological parameters in the
first 24 h of life might provide early clues concerning the severity of lung hypoplasia and
the risk of adverse outcomes. We will provide an overview of trending concepts and
discuss potential areas for future research.

Keywords: congenital diaphragmatic hernia, birth, cord clamping, neonatal transition, oxygen, respiratory
monitoring

INTRODUCTION

The management of infants with a congenital diaphragmatic hernia (CDH) is continuously
evolving with major improvements in prenatal and postnatal care. Most advances are based on
solid scientific evidence using available animal models of CDH prior to translating it into the
clinical setting (1). For many of the in vivo experiments done in small animals (rabbit, rat and
mice models), the endpoint is birth given the lethality of the condition without intensive care. To
investigate novel concepts in early postnatal care large animal models (such as the ovine model) are
often necessary, yet these experiments are costly and require a dedicated research facility.

Until recently, the transition period defined as the time immediately after birth, has been
relatively overlooked. In fact, for a long time the main intervention was to clamp the cord and
transfer the infant to the resuscitation table for further stabilization as soon as possible (2-4). On
the other hand, major physiological adaptations occur during this immediate postnatal period and
a complicated course may effect long term outcomes (5).
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Early prediction
Real-time monitoring

Oxygen management
Vasodilative drugs
Premedication for intubation

SBA

Timing of cord clamping

FIGURE 1 | Overview of potential research areas concerning perinatal stabilization of CDH infants. SBA, spontaneous breathing approach. Adapted from Knol et al.,
(15) with permission of the illustrator.

In the past decades there has been tremendous effort invested ~ return to the left atrium via the ductus venosus and foramen
in optimizing the perinatal stabilization period for infants  ovale stops. In the hypoplastic lung, pulmonary vascular
born preterm with immature lungs or those that may undergo ~ resistance remains high and therefore adequate left venous
problematic fetal to neonatal transition; such as due to birth ~ return is not rapidly restored, whereas in normally developed
asphyxia or in case of an elective cesarean section (6, 7). Our  lungs venous return is established within the first breaths
knowledge of the physiology underpinning the changes at birth (10, 18). A delayed restoration of venous return translates
has dramatically improved and novel concepts concerning the  in a sudden decrease in cardiac output (30-50% reduction)
timing of cord clamping, oxygen management and the type and ~ and neonatal hypoxemia, which is considered a risk factor for
level of respiratory support required were introduced to clinical ~ developing persistent pulmonary hypertension (9). Furthermore,
practice (7, 8). the impaired vascular relaxation forces higher pulmonary

Some of these approaches are now being evaluated in  perfusion pressures to maintain adequate pulmonary blood
large clinical trials, but the promising preliminary results have  flow. We have recently shown that in a lamb CDH model, after
also inspired researchers to investigate their effectiveness for  an initial improvement in pulmonary vascular resistance, this
conditions that affect in-utero lung development, such as CDH  short period of exposure to higher driving pressures may be a
(9-14). Research about neonatal transition for infants with a  trigger for developing pulmonary hypertension at a later stage
CDH is rapidly developing, in this literature review we describe ~ (9). This observation could be the physiological explanation of
new insights and we discuss knowledge gaps for future research  the so-called ‘honeymoon’ period, a transient time of clinical

(Figure 1). stability, that is observed in some infants with CDH (19).
In recent years, the importance of delaying cord clamping
INTACT CORD RESUSCITATION until after lung aeration (and adequate left venous return) has

gained momentum, specifically in preterm infants born with
For most infants, adequate gas-exchange is promptly established ~ immature lungs. Likewise, there have recently been two feasibility
after birth, i.e., within the first breaths, by rapid clearance of lung  studies evaluating this approach for infants born with CDH
liquid resulting in aeration of the lungs. However, infants born (11, 12). An important consideration is the need to provide
with lung hypoplasia have a reduced liquid clearance rate, which ~ mechanical ventilation to the neonate in close proximity to the
is proportional to the lung size and thus reduces the infants  mother whilst the integrity of the umbilical cord remains intact.
ability to aerate its lungs (16). This problem is likely a reflectionof =~ A mobile resuscitation trolley is required for this approach to
asimplified distal airway architecture and as such a reduced cross  be successful and several alternatives are currently commercially
sectional area for moving lung liquid into the interstitial tissues.  available (20). These trolleys have inherent limitations and
Furthermore, hypoplastic lungs generally have a higher elastic ~ advantages, which are important to consider when implementing
recoil (stiffer) demonstrated by a lower dynamic lung compliance  intact cord resuscitation, as well as the financial aspect given
(10, 16, 17). considerable differences in acquisition costs.

Lung aeration is considered a key factor in driving Both studies, although small sample sizes (n = 20), reported
vasodilation of the pulmonary vasculature and thereby  good feasibility of 85% and 100%, respectively (11, 12). It is
increasing pulmonary blood flow (18). Apart from establishing  obviously not possible to draw firm conclusions, however both
adequate gas-exchange, lung aeration is essential for a smooth  found improved cardiovascular adaptation, resulting in higher
cardiovascular transition from a fetus to a newborn. Immediately ~ blood pressures, less need for cardiac resuscitation and higher
after umbilical cord clamping there is a sudden increase in  Apgar scores (11, 12). These promising findings led to the
peripheral vascular resistance and at the same instant venous initiation of two large randomized trials: Congenital Hernia
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Intact Cord (CHIC, NCT04429750) and Physiological-based cord
clamping for infants with a Congenital Diaphragmatic Hernia
(PinC, NCT04373902) (21).

These two trials aim to defer cord clamping until after the
infant’s lungs are aerated, which is challenging to determine. CO,
detectors, respiratory monitors or bedside echocardiography
(ductus arteriosus evaluation) could be used for this purpose,
but they have inherent technical limitations or are logistically
not always feasible in the immediate postnatal setting. Hence,
physiological parameters such as heart rate, oxygen saturation
and the level of oxygen supplementation are considered as a good
alternate proxies for determining lung aeration and the state of
the infant’s cardiovascular adaptation (9, 21). In the future, with
the rapid improvement of bedside respiratory monitors, real-
time evaluation of tidal volumes or other lung mechanics might
be another way to ascertain adequate lung aeration.

The other challenge is to define a clinically relevant primary
outcome. The ultimate endpoint is survival to discharge,
however despite efforts to standardize postnatal management,
considerable bias due to variations in local management make it
difficult to determine the actual benefit of performing intact cord
resuscitation. The concern of bias is even more pronounced in
multicenter trials, however given the incidence of CDH and the
required sample sizes it is almost impossible to investigate this in
a single center setting. Consequently, short term outcomes such
as Apgar scores (CHIC) and pulmonary hypertension (PinC)
were chosen as alternative primary outcomes.

The results of these clinical trials are expected in the next two
to three years. Despite differences in methodology, a subsequent
meta-analysis using individual participant data might strengthen
the scientific evidence physiologically based cord clamping
even further.

SPONTANEOUS BREATHING APPROACH

For most infants with CDH, mechanical ventilation is a double-
edged sword: it is essential for survival, but prolonged respiratory
support also poses a risk of iatrogenic complications such as
ventilator-induced lung injury. On the other hand, a small
subset of infants born with a very small diaphragmatic defect,
hence mild lung hypoplasia, may not develop severe respiratory
insufficiency immediately after birth and thus mechanical
ventilation may not be necessary. In fact, prior to the routine
use of ultrasound this was probably the group that survived
the neonatal period with minimal care and that was only
diagnosed at childhood age. Moreover, prompt intubation after
birth potentially causes stress and pain for the infant, thereby
triggering the development of pulmonary hypertension and
impacting neonatal transition. Regardless, the main purpose of
routine intubation at birth is to avoid transient hypoxia, which
is considered an even more important trigger for pulmonary
hypertension (22).

We have recently published our experience of adopting a
gentler approach during the initial perinatal stabilization phase
by allowing spontaneous breathing in a select subset of patients
(23). This approach was only offered for infants with an isolated
left-sided CDH, born >35 weeks gestation and predicted to

have a very mild degree of lung hypoplasia. The latter was
determined by an observed/expected lung-to-head ratio above
50% and an intra-abdominal position of the liver. In this small
study (n = 15%), 40% of cases were only intubated at the time of
postnatal correction of the diaphragmatic defect, thus required
limited respiratory support and were discharged earlier from the
intensive care unit. But more importantly, a trial of spontaneous
breathing, even unsuccessful, did not appear to impact survival
or short-term morbidity (23).

In attempt to improve the success rate of this SBA we
have drafted a consensus protocol after several meetings
with international experts on CDH management, neonatal
resuscitation and fetal/neonatal physiology. One of the
recommendations is to start non-invasive respiratory support
in these infants, as many of the infants in the above-mentioned
series required low flow oxygen supplementation or continuous
positive airway pressure (CPAP). However, it is not clear
whether the key component to facilitate neonatal transition is
either oxygen supplementation, distending airway pressure or
a combination of both. The use of positive pressure ventilation
is certainly controversial as the main concern is insufflation of
the digestive tract, which may impair and limit lung expansion.
Therefore, nasal high flow therapy could be an interesting option,
because it is relatively easy to position the device, well-tolerated
and provides a vehicle for oxygen delivery but also generates
distending airway pressure. The level of respiratory support can
be adjusted based on the individual needs by changing the flow
rate and/or concentration of oxygen delivered. An alternative
could be the use of a CPAP mask rather than nasal prongs because
it is easier to position. Regardless of the treatment modality used,
early insertion of a naso- or orogastric tube with continuous
section is advised to avoid stomach distention. The result of these
consensus meetings is a proposed algorithm for SBA comparable
to what is used in the current neonatal resuscitation guidelines,
and this protocol will be published soon.

There is an increasing number of centers that are considering
or already have started attempting a trial of spontaneous
breathing for infants with mild lung hypoplasia. In the absence
of a randomized trial, it is essential to collect the outcome
data and given the rareness of the abnormality, a multicenter
and international collaboration is the most logical step. To
accommodate this, a research consortium was founded consisting
of partners all over Europe and Australia: Very mild CDH-
Spontaneous Breathing Approach; VeSBA. Outcome data will be
collected prospectively in a web-based registry.

SEDATE OR NOT SEDATE?

The majority of infants with a CDH will be intubated
immediately after birth. Given the urgency to commence
respiratory support in these infants and usually the lack
of intravenous access intubation is often done without
administering any sedation. The physiological responses to
awake intubation of neonates are well-described (24, 25).
It can be painful for the infant, translating into markers of
acute stress such as increased intracranial and systemic blood
pressure, bradycardia and reduced transcutaneous oxygen
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saturation (24, 25). Furthermore, mediastinal shift and neonatal
movements can complicate intubation resulting in a higher
stress level for the infant. Therefore, in (semi) elective intubation
premedication is considered good standard of care. For CDH
infants, the priority is on establishing a secure airway for
mechanical ventilation and thus vascular access is often obtained
later in the stabilization phase. Alternative options to administer
drugs are via the umbilical vein (direct puncture, not via a
catheter), buccal or intranasal, however the interval to the
onset of effect is potentially longer with the latter two (26, 27).
In addition, there is an important knowledge gap when it
comes to the optimal treatment regimen (type, dosage) of the
premedication (28).

OXYGEN MANAGEMENT

Oxygen supplementation is an essential part of perinatal
stabilization of an infant with CDH. The aim is to avoid
arterial hypoxemia as it may trigger a vasoactive response and
many clinicians will initiate oxygen supplementation with 100%
oxygen. After the initial stabilization in the delivery room, oxygen
administration is titrated based on the infant’s needs targeting
a pre-ductal saturation of between 80 and 95% (2). In any
case, hyperoxia should be avoided because it also has adverse
effects by producing oxygen free radicals. This consideration is
certainly important for infants with a relative mild degree of
lung hypoplasia, as using 100% oxygen supplementation might
be counter effective. Oxidative stress and oxygen free radicals are
not only associated with short-term neonatal morbidity but may
have long lasting influence on development (29, 30). It has been
recently demonstrated that even a brief period of high oxygen
exposure may attenuate vasoactive response of the pulmonary
vessels to treatments such as inhaled nitric oxide (31).

An alternative approach would be to start stabilization with
a reduced oxygen concentration and a stepwise increase or
decrease guided by the infant’s saturation values (13). This
approach is comparable to the resuscitation guidelines for
preterm infants (8). In a recent series, the safety of such an
alternative approach was evaluated, observing comparable rates
of perinatal survival, ECMO use and duration of mechanical
ventilation compared to historical CDH controls (13). Moreover,
the need of 100% oxygen during the perinatal stabilization period
provided an early indication of disease severity and subsequent
adverse outcomes (13).

Another important knowledge gap is the use of supplemental
oxygen during resuscitation of CDH infants whilst the umbilical
cord is still intact. A recent study showed that in preterm
lambs, pulmonary blood flow was considerably higher to controls
when using 100% oxygen during delayed cord clamping (32).
Interestingly, this was not causing systemic hyperoxygenation
and hypothetically, the placenta may act as a buffer to reduce the
arterial oxygen saturation (32).

The degree of supplemental oxygen exposure at birth
may also be diminished by initiating vasodilative treatments
already during neonatal resuscitation, such as inhaled nitric

oxide, as was recently observed in a small series of preterm
infants (33). We speculate that using such an approach
for CDH infants may facilitate decreasing pulmonary
vascular resistance after birth, thereby preventing high
perfusion pressures and potentially avoiding a dysregulated
vascular tone of the lung vessels (34). Hypothetically,
combining this approach with deferring cord clamping
until the lungs are aerated, both appear to have a
protective effect on the lung vessels, may have a synergistic
effect (9).

EARLY PREDICTORS OF ADVERSE
OUTCOME

Infants born with CDH will only face respiratory challenges
after birth and consequently it is only at that moment that
clinicians can determine the true impact on lung development.
Prenatal ultrasound and fetal MRI have proven to be very
useful in the individual prediction of prognosis, yet it
remains challenging to perform a functional assessment of the
lungs (35). More specifically, the occurrence and severity of
pulmonary hypertension or cardiac dysfunction are difficult
to predict given the differences between the fetal and the
neonatal circulation.

The immediate postpartum period provides clinicians a
first glance of the infant’s respiratory capacity. Consequently,
this period also enables clinicians a chance to determine
the severity of the congenital abnormality by monitoring
physiological parameters and/or ventilatory requirements. There
are already several scoring systems to determine the risk of
adverse outcomes available, such as the Score for Neonatal
Acute Physiology-II (SNAP-II) score, Wilford Hall/Santa Rosa
prediction model and the Brindle scoring model (36-40).
Most of these scoring systems are combining several clinical
parameters (such as blood pressure, serum pH, fraction of
inspired oxygen FiO,) yet the majority of these scoring systems
use the worst values of the parameters within the first 12-24
h (37-39).

We speculate that the level of respiratory support required
during the initial neonatal resuscitation may provide important
information of possible adverse outcomes. For instance,
as described above, the need to supplement with a high
FiO, concentration in the delivery room appears to be
associated with higher morbidity and mortality for CDH
infants (13, 41). Likewise, similar observations were reported
regarding expiratory tidal volumes, end-tidal carbon dioxide
levels and dynamic lung compliance (41, 42). Respiratory
monitors now allow real-time measurements of several
lung function parameters. Recording these parameters
gives an opportunity to gather large datasets by aggregating
individual patient data within a framework of multicenter
collaborations, which can be used for prediction modeling to
identify early signs of deterioration. In addition, combining
physiological and ventilatory outcome measures, such as is
done with the oxygen saturation index (OSI), may improve
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the predictive value of these models for adverse models even
further (36).

CONCLUSION

Herein, we have described some of the trending new concepts
regarding interventions in the early perinatal stabilization phase
for infants with CDH. Our understanding of the physiological
adaptations immediately after birth has certainly grown in
recent decades, but considerable knowledge gaps are remaining.
Regardless, thorough investigation using appropriate preclinical
models is essential prior to translating novel concepts into
clinical practice. Importantly, optimizing the fetal to neonatal
transition will not only improve postnatal outcomes for infants
born with CDH, but also for those born with abnormal lung
development caused by a broad range of other conditions, such
as prolonged anhydramnios.
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Objective: After neonatal repair of congenital diaphragmatic hernia (CDH) recurrence is
the most severe surgical complication and reported in up to 50% after patch implantation.
Previous studies are difficult to compare due to differences in surgical techniques and
retrospective study design and lack of standardized follow-up or radiologic imaging. The
aim was to reliably detect complication rates by radiologic screening during longitudinal
follow-up after neonatal open repair of CDH and to determine possible risk factors.

Methods: At our referral center with standardized treatment algorithm and follow-up
program, consecutive neonates were screened for recurrence by radiologic imaging at
defined intervals during a 12-year period.

Results: 326 neonates with open CDH repair completed follow-up of a minimum of
2 years. 68 patients (21%) received a primary repair, 251 (77%) a broad cone-shaped
patch, and 7 a flat patch (2%). Recurrence occurred in 3 patients (0.7 %) until discharge
and diaphragmatic complications in 28 (8.6%) thereafter. Overall, 38 recurrences
and/or secondary hiatal hernias were diagnosed (9% after primary repair, 12.7%
after cone-shaped patch; p = 0.53). Diaphragmatic complications were significantly
associated with initial defect size (- = 0.26). In multivariate analysis left-sided CDH, an
abdominal wall patch and age below 4 years were identified as independent risk factors.
Accordingly, relative risks (RRs) were significantly increased [left-sided CDH: 8.5 (p =
0.03); abdominal wall patch: 3.2 (p < 0.001); age <4 years: 6.5 (p < 0.002)]. 97%
of patients with diaphragmatic complications showed no or nonspecific symptoms and
45% occurred beyond 1 year of age.
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Conclusions:

The long-term complication rate after CDH repair highly depends

on surgical technique: a comparatively low recurrence rate seems to be achievable
in large defects by implantation of a broad cone-shaped, non-absorbable patch.
Longitudinal follow-up with regular radiologic imaging until adolescence is essential to
reliably detecting recurrence to prevent acute incarceration and chronic gastrointestinal
morbidity with their impact on prognosis. Based on our findings and literature review, a
risk-stratified approach to diaphragmatic complications is proposed.

Keywords: congenital diaphragmatic hernia, CDH, recurrence, secondary hiatal hernia, radiologic screening,
longitudinal follow-up, risk factors for recurrence, cone-shaped patch

INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare malformation,
and surgical repair is still an intervention with a remarkable
complication rate. High-risk patients are nowadays already
identified on prenatal investigation (1-3). It has been shown
that these are more likely to require postnatal extracorporeal
membrane oxygenation (ECMO) therapy and diaphragmatic
reconstruction with a patch and that they are at risk of early
mortality and long-term morbidity (4). These fetuses should
therefore be transferred to a high-volume center for optimized
treatment and follow-up (5). Improvements in pre-, peri-, and
postnatal care have enhanced survival rates, and thus long-term
morbidity gains more importance (6, 7). Survivors may suffer
from lung hypoplasia, pulmonary hypertension, gastrointestinal
problems, failure to thrive, and orthopedic and neurological
side effects (8-14). Even among high-volume centers, a great
variability exists concerning patients, to whom follow-up is
offered, time intervals of follow-up visits, diagnostic testing, and
standardization of follow-up—with only 3 of 19 centers (16%)
offering long-term follow-up to all CDH patients routinely (15).
Recently, the importance of longitudinal follow-up for CDH
survivors due to their numerous comorbidities and complex
needs has been emphasized and a schedule for a risk-stratified
multi-specialty follow-up has been proposed (16).

It has been stated that primary CDH repair might be possible
in 60-70% (17). In patients with large defects, a muscle flap or
synthetic patches are required as a substitute for the diaphragm
(18, 19). Different absorbable and non-absorbable materials,
suture techniques, and shapes of these patches have been
introduced (5, 19-21). Especially in large diaphragmatic defects,
the abdominal cavity is hypoplastic, because most abdominal
organs herniated into the thoracic cavity, and neonates present
with a collapsed abdomen. Therefore, in some cases the
implantation of an abdominal wall patch may be necessary to
prevent abdominal compartment syndrome and compromise of
intestinal and renal perfusion.

In all techniques of diaphragmatic reconstruction, recurrence
(R) is a common complication. In-hospital recurrence has been
reported from the CDH registry in 2.7% in open surgery
(OS) (22). Thereafter, late recurrence may slowly develop
with growth and seems to be asymptomatic in most patients
(23). Yet, recurrence can be the underlying cause for chronic

gastrointestinal problems and failure to thrive, which can
consequently cause impaired neurologic and cognitive function
(12). On the other hand, recurrence can cause sudden intestinal
incarceration. Gastrointestinal morbidity is the leading cause of
mortality beyond the first year of life among CDH survivors
(24). Also, reports on CDH as cause of severe complications
and mortality in adults emphasize the importance of paying
attention to this complication in childhood. Therefore, it seems
essential to treat recurrence before patients encounter acute
incarceration with the risk of bowel gangrene, septicemia,
and death.

Reported incidences of recurrence in childhood vary
between 4 and >50% depending on patient selection,
surgical procedure, and patch material (25-28). A reduced
recurrence rate after implantation of a cone-shaped patch
was published by Loff in 2005 (29). After these promising
preliminary results, a prospective standardized multidisciplinary
follow-up program with regular radiological imaging was
established at our institution. In the current study, we
examined long-term rates of diaphragmatic complications after
neonatal open CDH repair and aimed at identifying possible
risk factors.

MATERIALS AND METHODS
Study Group

Consecutive neonates born January 1, 2003 to December
31, 2012, at our neonatal intensive care unit (NICU) at
the Department of Neonatology of the University Children’s
Hospital Mannheim, University of Heidelberg, who underwent
open abdominal surgery and completed follow-up for at least
2 years were included in this prospective study. Exclusion
criteria were death before discharge (referred to as early
mortality), minimally invasive surgery, and loss of follow-
up <2 years. Death beyond discharge is referred to as late
mortality. In patients who were seen at an older age and did
not have a recurrence, it was postulated that they also did not
have one before this time. Data were collected prospectively
until January 2016. This study was approved by our local
ethic committee (2018-592N-MA), and informed consent was
obtained from parents.
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TABLE 1 | Standardized follow-up program for children with congenital
diaphragmatic hernia at our institution (time intervals and imaging/testing, ECHO,
echocardiography).

Birth 1/2y. 1y. 2y. 4y. 6y. 10y. 14y. 18y.
ECG+ECHO X X X X X X X X X
Chest X-ray X X - X X - X -
MRI - - - X - - X - _
Low-dose CT - - - - - - _ _ X
Neurologic testing - X X X X X - - -
Ophthalmologist X - X - - - — _ _
Hearing test X - X - - - _ _ _
Lung function - - - - - X X X X

Follow-Up Program

For an overview of our standardized follow-up program, please
see Table 1. An anterior-posterior chest X-ray is performed at
defined intervals to screen recurrence. In doubt, further imaging
techniques may be applied. At 2 and 10 years, the diaphragm was
investigated more accurately with MRI to exclude recurrence by
three-dimensional imaging.

Surgical Techniques
Within the study period, different surgical approaches have been
applied: primary repair was achieved in patients with sufficient
diaphragm and small defect sizes by OS until 2007 and mainly
by minimally invasive surgery (MIS) thereafter. Either plain or
oversize patches were only used in smaller defect size not eligible
for primary repair. A cone-shaped GORE-TEX® patch has been
established as the standard procedure for large defects since 2003
(29). A broad cone shape is formed extracorporeally, and the
patch is then implanted with an overlapping border (Figure 1).
In OS, a median laparotomy was performed. In patients with a
hypoplastic abdominal cavity requiring an abdominal wall patch
for closure, an ellipsoid GORE-TEX® patch was sutured to the
fascia bilaterally and the skin closed over it as far as possible after
subcutaneous mobilization.

Intraoperatively, defect size was classified according to the
CDH Study Group (CDH-SG) (30) since 2008.

Statistical Analysis

For data analysis, MedCalc Statistical Software version 15.8
(MedCalc Software bvba, Ostend, Belgium; https://www.
medcalc.org; 2015) was used. Fisher’s exact test was used to
test for statistical significance, because the number of expected
frequencies was low. p-values < 0.05 were considered significant.
Re-recurrences were handled as separate recurrences in the
data analysis. In multivariable regression analysis, recurrence
was the dependent variable. Possible risk factors of recurrence
were identified using Fisher’s exact test and then entered into
multivariable regression analysis as independent variables.
Afterward, relative risks (RR) and 95% confidence intervals (CI)
were calculated. Rank correlation with Spearman’s formula was
used to test for the degree of relationship between recurrence

FIGURE 1 | Different surgical approaches for a diaphragmatic defect not
suitable for primary repair in left-sided congenital diaphragmatic hernia (CDH):
(A) prior to closure; (B) after closure with a plain patch; (C) after closure with
an “oversize” patch; (D) after closure with a broad cone-shaped patch.

and defect size, because the distribution of these two variables
was not normal.

RESULTS

Demographic Data of the Study Cohort,
Mortality, and Follow-Up

A consort diagram of the patients of our study cohort is presented
in Figure 2. In 508 neonates with CDH born in the study period,
survival to discharge was 81% (n = 410): 37 patients (7%) died
without surgery due to prematurity, fatal syndrome or associated
malformations, severe lung hypoplasia, or contraindication to
ECMO therapy; 29 of the ECMO patients (14%) died without
CDH repair; and 26 (13%) died after CDH repair. Early mortality
was 27% in ECMO and 2% in non-ECMO patients (p < 0.001).

In patients who underwent CDH repair, survival was 93%:
100% in MIS patients, 97% in non-ECMO-OS patients, and 85%
in ECMO patients. Survival rate in non-ECMO patients was
significantly higher compared to ECMO patients (p < 0.001).
Late mortality did not differ significantly between ECMO- and
non-ECMO patients [9/131 (7%) vs. 5/195 (3%), p = 0.09].

Of 410 CDH patients surviving to discharge, 370 (90%)
participated in our longitudinal follow-up program. Forty-four
MIS patients were excluded because the aim of the study was
to evaluate the complication rate and risk factors after open
CDH repair. Thus, 326 patients with a minimum follow-up of
2 years were eligible for further analysis. Details of our study
population are described in Table 2. No significant difference
between OS patients with and without follow-up could be
detected. There was a predominance of male neonates and left-
sided CDH in our cohort. ECMO was performed in 40% of
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neonates. Diaphragmatic reconstruction was achieved primarily
in 21%, with a cone-shaped patch in 77% and with other patch
types in 2%. In left-sided CDH, an intrathoracic liver and
stomach herniation was noted in 60 and 79%, respectively. An
abdominal wall patch was required in 17%. In 140 patients with
intraoperative classification of defect size, large C and D defects
were noted in 71%.

Thirty-eight diaphragmatic complications were detected in 31
patients within an observational time of 2-10 years. Six patients
developed re-recurrences (19.3%). For further analysis, each of
the re-recurrences was handled as a separate one.

Diaphragmatic Complications

We have detected two different types of diaphragmatic
complications: “true” recurrence at the localization of the
original diaphragmatic defect and secondary hiatal hernia. Of
38 recurrences, 24 (63%) were “true” recurrences, eight (21%)
were hiatal hernias, and six (16%) patients had both (Figure 3).

508 neonates with CDH
born 01/2003 — 12/2012
(200 ECMO)

I

-
neonatal mortality:

- 37 postnatal (7%)

- 29 postECMO (14.5%)

g

' A
survival to surgery:

442 patients (87%)

(171 ECMO, 85%)

o 7 ( )
395 OS-patients (89% .
(17‘1) ECMO() ) 47 MIS-patients (11%)
\. U J g J
( ) e [I =\
postoperative mortality: ) )
- 26 postECMO (15%) postoperative mortality:
- 6nonECMO (3%) 0%
S S ‘ i
( ] ) ) 4 N
survg/g;toogl_;car:iaerr?éz(gz% ) survival to discharge:
(145 ECMO, 85%) ) 47 MIS-patients (100%)
\. J

L

4 \
lost to follow-up < 2 years:

- 37 patients (10%)
< J/

g

326 OS-patients (131 ECMO)
follow-up 22 years (90%)

2 years 326 patients
>2 <4 years 224 patients
>4 <6 years 154 patients
>6 < 10 years 57 patients

—>

FIGURE 2 | Neonates with congenital diaphragmatic hernia (CDH) born
January 20083 to December 2012 at our institution and participation at
follow-up until January 2016 with excluded patients in gray boxes [ECMO,
extracorporeal membrane oxygenation; MIS, minimally invasive surgery; OS,
open surgery].

Patient characteristics are displayed in Table 3. All patients with
secondary hiatal hernia and co-occurrence had an 1-CDH with
initial stomach herniation. Most patients had an intrathoracic
herniation of the left liver lobe and required patch repair of
the diaphragmatic defect, whereas a higher rate of abdominal
wall patch implantation can be noticed in patients with “true”
recurrence or co-occurrence. Most children who developed solely
secondary hiatal hernia did not show any symptoms, while all
with a co-occurrence did.

Time and Symptoms

Three of 410 patients (0.7%) surviving to discharge developed in-
hospital recurrence. After discharge, 18 (51.4%) diaphragmatic
complications were diagnosed within the first year of life, 11
(31.4%) within the second, three (8.6%) between 2 and 4 years
of age, and three (8.6%) thereafter. Thus, the incidence of
diaphragmatic complications was highest within the first year of
life (21/326; 6.4%) and reduced to about half in the second year
(11/326; 3.4%). In patients between 2 and 4 years of age, the
incidence was 1.3% (3/224) and 1.9% (3/154) in children older
than 4 years, respectively.

One patient presented with acute incarceration and intestinal
obstruction (2.6%). In 35 patients (92.1%), recurrence was
detected by radiologic imaging before discharge or on follow-
up visits (examples in Figure 3) and in two (5.3%) incidentally
during abdominal surgery for other reasons. These children
were either asymptomatic (16/37 patients, 43.2%) or showed
at least one of the following mild and non-specific symptoms:
intermittent abdominal pain (14/37, 37.8%), gastroesophageal
reflux (GER; 9/37 patients, 24.3%), a change in eating habits

TABLE 2 | Comparison between patients after open surgery (OS) with and
without follow-up: epidemiologic data, intraoperative findings, and type of surgery
are displayed [I-CDH, left-sided congenital diaphragmatic hernia; r-CDH,
right-sided congenital diaphragmatic hernia; FETO, fetoscopic endotracheal
occlusion; ECMO, extracorporeal membrane oxygenation].

With Without P-value

follow-up follow-up

(n = 326) (n=237)
Male, n (%) 191 (59) 19 (51) 0.48
Female, n (%) 135 (41) 18 (49)
I-CDH, n (%) 262 (82) 30 (81) 1.0
r-CDH, n (%) 62 (17) 7 (19
Liver-up in I-CDH, n (%) 156 (60) 17 (57) 1.0
Stomach-up in I-CDH, n (%) 206 (79) 23 (77) 1.0
FETO, n (%) 24.(7) 2(5) 1.0
ECMO, n (%) 131 (40) 13 (35) 0.6
Primary repair, n (%) 68 (21) 12 (32) 0.15
Cone-shaped patch, n (%) 251 (77) 25 (68)
Abdominal wall patch, n (%) 55 (17) 25 0.09
Defect size (30), n (%) A 49) 2(12) 0.12
(since 2008, 140 pat. with B 36 (26) 3(19) 0.76
follow-up, 16 pat. without c 84 (60) 10 (63) 1.0
follow-up)

D 16 (11) 1(6) 1.0
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FIGURE 3 | Radiological diagnosis of recurrence of diaphragmatic hernia: (A)
plain chest-X-ray in a 2-year-old boy: lateral recurrence; (B) contrast study in a
4-year-old boy: hiatal hernia (*) and lateral recurrence (—); MRI (C) and
low-dose CT (D) in a 10-year-old girl with thoracic herniation of the left kidney
with moderate hydronephrosis [CT scan (D): h, heart; k, kidney; sp, spleen;
cone-shaped patch marked with white arrow].

TABLE 3 | Patient characteristics concerning diaphragmatic complications (“true
recurrence” at the localization of the original diaphragmatic defect, secondary
hiatal hernia, and co-occurrence): epidemiologic data, intraoperative findings and
type of surgery, symptoms, and recurrence repair rate are displayed [I-CDH,
left-sided congenital diaphragmatic hernia; r-CDH, right-sided congenital
diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation].

“True” Hiatal hernia  Co-occurrence
recurrence (n=28) (n=6)

(n =24)
I-CDH, n (%) 23 (96) 8 (100) 6 (100)
r-CDH, n (%) 1(4) 0 0
Liver-up in I-CDH, n (%) 20 (87) 5 (63) 4 (67)
Stomach-up in I-CDH, n (%) 20 (87) 8 (100) 6 (100)
ECMO, n (%) 14 (58) 0 5 (83)
Primary repair, n (%) 3(12) 2 (25) 1(07)
Cone-shaped patch, n (%) 21 (88) 6 (75) 5(83)
Abdominal wall patch, n (%) 11 (46) 1(12) 3 (50)
Symptoms 14 (58) 2 (25) 6 (100)
Surgical repair 24 (100) 4 (50) 6 (100)

and stooling frequency (7/37 patients, 18.9%), and tachypnea
(n 5/37 patients, 13.5%). Weight at follow-up visits was
not obtained routinely in the beginning of the follow-up
program. Nevertheless, in those children with available data
weight of recurrence patients was below the median weight
of non-recurrence patients at follow-up visits in 66.2% (47/71
recurrence-patients); see Table 4.

Patient Characteristics and Treatment of
CDH

An overview of patient characteristics and significant differences
between patients with (R) and without (nonR) diaphragmatic
complications is given in Table 5.

Concerning patient characteristics, there was a significant
higher incidence of left-sided (1-)CDH in R patients. One
recurrence (1.6%) was observed in 62 patients with right-sided
(r-)CDH, while 37 recurrences (14.1%) were detected in 262 1-
CDH-patients (p = 0.004). Two patients with bilateral CDH did
not develop recurrence. In 1-CDH, R patients had a significantly
higher rate of intrathoracic herniation of the liver and stomach
with 78 and 92%, respectively. In 140 patients with intraoperative
size classification of the diaphragmatic defect, a significant
correlation between rate of diaphragmatic complications and
defect size was detected: the larger the initial defect, the higher
the risk of diaphragmatic complications (correlation coefficient
r = 0.26; p < 0.002; 95% CI for r 0.100-0.408; Figure 4). The
difference between defect sizes C and D did not reach significance
due to the small number of patients with defect size D (11/84 vs.
6/16; p = 0.08).

Regarding treatment of CDH, no differences concerning
prenatal fetoscopic endotracheal occlusion (FETO) and postnatal
ECMO therapy were detected between R and nonR patients.
There was no significant difference in the rate of diaphragmatic
complications between patients with primary reconstruction and
repair with a cone-shaped patch in the total cohort—even though
a significantly higher rate was detected in larger CDH defects in
the subset of patients with intraoperatively classified defect size
since 2008. Seven out of eight recurrences after primary repair
occurred in patients born 2003-2007 and one in a patient with
defect size B since 2008. This difference was not significant due
to the small OS cohort with primary repair since the introduction
of MIS in 2008 (7/57 vs. 1/11, p = 1.0). Only seven of 258 patch
patients received other patch types in smaller defect size, and in
none was recurrence observed. Solely non-absorbable material
was used for patch implantation in this cohort.

There was a significantly higher risk of diaphragmatic
complications after implantation of an abdominal wall patch
(p = 0.0003). The abdominal wall patch clearly reflects disease
severity in our cohort: 98% of patients also required a patch
for diaphragmatic reconstruction—only in one patient with
associated omphalocele was diaphragmatic closure achieved by
primary repair. Seventy-eight percent required ECMO therapy
for sufficient postnatal stabilization and 11% had undergone
prenatal FETO therapy. In left-sided CDH, an intrathoracic
position of the liver was detected in 89% and of the stomach in
98%. Defect size according to the CDH-study group was classified
in 44 patients, and large defect sizes were predominant (A: 0%, B:
7%, C: 66%, D: 27%). Compared to patients without abdominal
wall patch, the difference regarding these parameters is significant
(Table 6).

Multivariable Analysis for Risk Factors
In multivariable regression analysis, the risk factors identified by
Fisher’s exact test were analyzed to verify, if they were influencing
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TABLE 4 | Comparison of patients with (R) and without (nonR) diaphragmatic complications concerning weight at follow-up visits (GA, gestational age).

Follow-up visit nonR patients
GA: median 37+5

(min. 2740, max. 42+0)

R patients
GA: median 37+3
(min. 32+1, max. 40+2)

n Median weight Range (min-max) n Median weight Range (min-max) Weight below median of nonR
in kg in kg in kg in kg patients n (%)
1 year 218 7.9 4.4-12.5 23 7.3 4.83-10 15 (65.2)
2 years 219 10.8 6.4-15.5 23 10 5.8-13.4 16 (69.6)
4 years 129 14 8.7-20 14 131 8.2-19 9 (64.3)
6 years 97 18 12.8-26 7 15.5 10.6-18 6 (85.7)
10 years 24 26.25 19.1-41.8 4 28.3 23.8-32 1(25)
TABLE 5 | Comparison of patients with (R) and without (nonR) diaphragmatic A signiﬁcantly increased RR could also be calculated
complications in open surgery: epidemiologic data, intrfaoperative findings, anq concerning the time of diaphragmatic complications: it was 3.9-
type of surgery are displayed [I-CDH, left-sided congenital diaphragmatic hernia; . . .
r-CDH, right-sided congenital diaphragmatic hernia; FETO, fetoscopic fold hlgher.ln children younger than or equal to2 Years compared
endotracheal occlusion; ECMO, extracorporeal membrane oxygenation]. to older children (95% CI 1.6-9.1, p < 0.002). Patients had a 6.5-
fold higher risk within the first 4 years of life compared to older
R nonR P-value  age (95% CI 2-20.7, p < 0.002).
(n=38) (n = 295)
Male, n (%) 26 (68) 170 (58) 0.22 DISCUSSION
Female, n (%) 12 (32) 125 (42)
I-GDH, n (%) 377 232(79) <0.004  This study demonstrated that longitudinal follow-up with
r-CDH, n (%) 10 61(21) regular radiologic investigation allows a reliable detection of
Liver-up in I-CDH, n (%) 29 (78) 130 (56) 0.01 diaphragmatic complications with the vast majority of these
Stomach-up in I-CDH, n (%) 34(92) 178 (77) 0.049 patients showing no or non-specific symptoms and about half
FETO, n (%) 5(13) 21(7) 0.2 occurring beyond 1 year of age. To our knowledge, it has not
ECMO, n (%) 19 (50) 114 (39) 0.22 been explicitly mentioned by any other author before that not
Primary repair, n (%) 6(16) 64 (22) 0.53 only recurrence at the localization of the original diaphragmatic
Cone-shaped patch, n (%) 32 (84) 224 (76) defect but also secondary hiatal hernia is a common complication
Abdominal wall patch, n (%) 15 (40) 41 (14) <0.001  after neonatal CDH repair. Furthermore, patients with large
Defect size (30), n (%) A 0 43) 1.0 defects are prone to develop both. In this study cohort with
(since 2008, 140 pat.) B 1(6) 35 (28) 0.04 a predominance of large CDH, a low rate of diaphragmatic
C 11 (61) 73 (58) 1.0 complications might have been achieved with the implantation
D 6(33) 13 (10) 0.02 of a broad cone-shaped, non-absorbable patch. As independent

Significant p-values are given as bold values.

diaphragmatic complications independently. In all patients,
CDH laterality and an abdominal wall patch were independent
variables for diaphragmatic comp